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Abstract: Within the framework of the covariant theory of gravitation (CTG), the energy is 
calculated for a system with continuously distributed matter, taking into account the 
contribution of the gravitational and electromagnetic fields and the contribution of the 
pressure and acceleration fields. The total energy of all the fields is equal to zero, and the 
system’s energy is formed from the energy of the particles, which are under the influence 
of these fields. From the expression for the energy, the inertial M and gravitational mg 
masses of the system are found. These masses are compared with mass mb, obtained by 
integrating the density over the volume, and with the total mass m’ of the body particles 
scattered to infinity in order to make the energy of macroscopic fundamental fields equal to 
zero. The ratio for the masses is obtained: m’ = M < mb = mg. From this the possibility of 
non-radiative ideal spherical collapse follows, when the system’s mass M does not change 
during the collapse. In addition, the mass of the system is less than the gravitational mass. 
In contrast, in the general theory of relativity (GTR), the ratio for masses is obtained in a 
different form: M = mg < mb < m’. In CTG, the electromagnetic field energy reduces the 
gravitational mass; whereas in GTR, on the contrary, the electromagnetic field energy 
increases the gravitational mass. In order to verify the obtained results, it is suggested to 
conduct an experiment on measuring the change of the gravitational mass of the body with 
increasing its electrical charge.  
Keywords: Relativistic energy; Mass; Acceleration field; Pressure field; Covariant theory 

of gravitation (CTG). 
 

 
Introduction 

Modern physical theories usually describe the 
energy, momentum and mass of a system in 
four-dimensional formalism and introduce 
various 4-vectors and 4-tensors to be taken into 
consideration. In order to simplify comparison of 
the obtained expressions, it is convenient to turn 
to such a weak field limit, that most of the 
formulae could be written in the same form as in 
the special theory of relativity, without loss of 
accuracy. In this work, this will be done for the 
covariant theory of gravitation and general 
theory of relativity; particular attention will be 
paid to the meaning acquired by the mass in 
these theories. 

 

Energy and Mass in the Covariant 
Theory of Gravitation 

We will calculate the relativistic energy for 
the body in the form of a sphere with the 
uniform density of mass and charge, moving at 
velocity v  along the axis OX  of the reference 
frame K . The body under consideration is a set 
of identical particles moving randomly in 
different directions within the specified sphere 
with the radius a . We will assume that all of 
these particles are held together by the force of 
gravitation. In order to simplify, we will assume 
that the spaces between the particles are so small 
that integration over the volume of all the 
particles is equivalent to integration over the 
volume of the sphere. The sphere is at rest in the 
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co-moving reference frame K , associated with 
the center of mass, and the velocities of particles 
in K  are equal to v  and depend on the 
coordinates. 

The Hamiltonian for continuously distributed 
matter in the covariant theory of gravitation is 
obtained from the Lagrangian with the help of 
Legendre transformations. This Hamiltonian is 
equal to the relativistic energy of the system and 
has the form [1-2]: 

  0 1 2 3
0 0 0 0

2 2 2
1 2 3

0

1

1 .
16 4 16 16

   
   

      

    

       
          





qE u g dx dx dx
c

c c cΦ Φ F F f f u u g dx dx dx
G

            (1) 

Here, c  is the speed of light, 0  is the mass 
density of an arbitrary point particle in the 
reference frame pK  associated with the particle, 
  is the scalar potential of the acceleration field, 
  is the scalar potential of the gravitational 
field, 0q  is the charge density in the reference 

frame pK ,   is the scalar potential of the 
electromagnetic field,  is the scalar potential 

of the pressure field, 0u  denotes the timelike 
component of the 4-velocity of the particle, 

g  includes the determinant g  of the metric 

tensor with the minus sign, 1 2 3dx dx dx  is an 
element of the three-dimensional volume in the 
reference frame K , G  is the gravitational 
constant, Φ  is the gravitational tensor, 0  is 

the vacuum permeability, F  is the 

electromagnetic tensor, u  is the acceleration 

tensor, f  is the pressure field tensor,   and 
  are constants. 

For our purposes, it suffices to consider the 
expression for relativistic energy (1) in the case 
when the sphere under consideration is at rest in 
K . Then, all the calculations can be performed 
in the reference frame K  associated with the 
system’s center of mass. Let us assume that the 
gravitational field is small and the covariant 
theory of gravitation turns into the Lorentz-
invariant theory of gravitation. In this case, the 
metric tensor g  no longer depends on the 
coordinates and is transformed into the metric 
tensor of Minkowski spacetime   which is 

used in the special theory of relativity. For the 
case of the single fixed system, the expressions 
for physical quantities are as follows: 

2
0 0cg u cu c
     , 0

0u u c   , 

 
2

2 2 21
16 8

c Φ Φ c
G G


 

 
    ,  

2 2 20

0

1 ( )
4 2

F F E c Β





   , 

2
2 2 21 ( )

16 8
c f f C c I

  
   , 

1g  , 
2

2 2 21 ( )
16 8

c u u S c N
 

   ,           (2) 

where the Lorentz factor is 
2 2

1
1 v c

  


, 

v  is the particle’s velocity in K , Γ  is the 
gravitational field strength, Ω  is the torsion 
field vector, E  is the electric field strength, B  
is the magnetic field induction, 0  is the vacuum 
permittivity, C  is the pressure field strength, I  
is the solenoidal vector of the pressure field, S  is 
the acceleration field strength, N  is the 
solenoidal vector of the acceleration field. 

Substituting expressions (2) into (1) gives the 
following: 
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2 1 2 3
0 0 0 0

2 2 2 2 2 2 2 2 2 2 2 2 1 2 301 1 1( ) ( ) ( ) .
8 2 8 8

       




  

      

 

          
  





b qE c dx dx dx

c E c Β C c I S c N dx dx dx
G

 

               (3) 

First, we will calculate the first integral in (3). 
According to [2], the Lorentz factor    for the 
particles inside the fixed sphere is function of the 
current radius r : 

0
0

2
0
2

4
4

2
3


  

 

  


     

  

sinc

c
c

c r
cr

r
c

,           (4)  

 

where 
2 2

1
1

c

cv c
 


 is the Lorentz factor for 

velocities cv  of the particles in the center of the 
sphere, and due to the smallness of the argument 
the sine can be expanded to the second-order 
terms. 

For the first term in the first integral in (3) 
with regard to (4) in spherical coordinates, we 
can write: 

4 2
2 2 1 2 3 2 2

0 02

4 2 2 2
2 2

0
0

1 sin 4 sin
4

32sin 4 .
2 54 4


      



  
  

  

     
  

             

 c

c c
c

c rc dx dx dx r dr d d
r c

c ma c a mc
c a

                                  (5) 

In (5), the mass m  is the product of the 
density of the particles’ mass 0  by the volume 

bV  of the sphere which is at rest in the reference 

frame K . The origin of the factor 2
c  in (5) can 

be understood from the following. The quantity 

0 c   is the mass density of the particles in the 
center, which can be seen in the reference frame 
K . Then, the product 0 c b c cV m m     
gives the mass of the particles in the sphere for 
the observer in K  in the case, as if all the 
particles were in the center of the sphere. It is 
obvious that 0c bm m V  . In (5), it occurs 

that 2 2 2
c c cmc m c  , meaning that the total 

energy of the particles, increased due to the 
internal motion of the particles, is regarded by 
the Lorentz factor c . The second term in (5) 
appears due to the radial gradient of mean 
velocities of the particles inside the sphere and 
takes into account that not all the particles are 
located in the center of the sphere. 

The scalar potential of the gravitational field 
in (3) inside the sphere, according to [2], is equal 
to: 

2

0

3

0
0

2 2
0

cos 4

sin 4
4

2 ( 3 ) .
3


  






 

  

    
  

   
 

 


c
i

c

c

G c a
c

G c r
cr

G r a

      (6) 

Based on the similarity of the gravitational 
and electromagnetic fields, we can write for the 
electric potential, similarly to (6): 

2

0
0

3

0
0 0

2 2
0

0

cos 4
4

sin 4
4 4

( 3 )
.

6


  

  


 

    

 


       

   

 


   

c
i q

c
q

q

c q

c a
c

c r
cr

r a

                                                                       (7) 
The scalar potential of the pressure field 

inside the sphere equals: 
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2

3

0
0

2
0

sin 4
4

2
3

 


 
 

  

   


  


   

 

 


c
c

c

c
c

c

c r
cr

r

,       (8) 

where c  denotes the potential of the pressure 
field in the center of the sphere. 

Substituting (6), (7) and (8) into (3), taking 
into account (4), we find: 
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c c c
c

c
c

c

c

dx dx dx

c c c r r r dr d d
c r cr

c c a aa
c cc

c a c a
c 0

2 23 .
10



 









  
 
 
 
              
   


c
c c

mm
a

 

             (11) 

With regard to (5) and (9-11), the first 
integral in (3) will equal: 

 

 2 1 2 3
0 0 0 0

2 2 2 2 2 2 2 2
2 2

0

3 3 3 3 .
5 2 8 10

       

     
 



    



       


 q

c c c c
c c c

c dx dx dx

m G m q mmc m
a a a a

    (12) 
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The gravitational field strength and the 

torsion field inside the sphere are given by the 
formulae: 

t
 

  

DΓ ,  Ω D ,         (13) 

where D  is the vector potential of the 
gravitational field. 

The vector potential of each particle is 
directed along its velocity, and due to random 
directions of the particles’ velocities, the total 
vector potential D  inside and outside the sphere 
is zero. Consequently, the torsion field will also 
be zero: 0Ω . Substituting the scalar potential 
(6) into (13), we find the gravitational field 
strength: 

02
0

3

0

0

sin 4
4

cos 4

4 .
3



 
 


 

  


 


   
               

  

i i

c

c

c r
cG c

r rr
c

G

Γ

r

r

  

           (14) 

Taking into account (14) and the equality 
0Ω  for the integral of the first term in the 

second integral in (3), we have: 

 

 2 2 2 1 2 3

2
4 2

0 02 2
0

6 2
0 20

0 03 2
0

2 2

1
8

1sin 4 cos 4
2 4

42 2 1sin 4 sin 4
8 4

.
10





   

  

   
   

 



  

                 


           
     









i i

c

c

c

c dx dx dx
G

G c c r rr d r
c c r

G c a a a
c c c a c

G m
a

    (15) 

 

According to [2], the potential of the 
gravitational field outside the sphere equals: 

3

0 0 0 2
0

3sin 4 4 cos 4 1 .
104

        
  

                     
c c

o
G c G ma a a m

c c c r acr
 

From this, it follows that the gravitational mass 
of the sphere is equal to the quantity 

2

31
10g c

mm m
ac



 

  
 

. 

Using (13), with 0D , we find the field 
strength: 

3
0

0 03
0

3
0

3 3

4
sin 4 cos 4

4

4 .
3

 
    

  

   

             
      


    



c
o o

c c

aG c a a
c c cr

G a G m
r r

rΓ

r r
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Substituting oΓ  into (3), using the equation 
0Ω , we find for the gravitational field 

outside the sphere: 

 2 2 2 1 2 3

2 2 2 2

2

1
8

1 .
2 2




 

  

 






o o

c c

c dx dx dx
G
G m G md r

r a

       (16) 

The sum of (15) and (16) equals: 

 2 2 2 1 2 3

2 2

1
8
3

5






  






c

c dx dx dx
G

G m
a

.        (17) 

The calculation of the term with the 
electromagnetic field in (3) is done similarly and 
gives for uniformly charged particles inside the 
stationary sphere the following: 

2 2 2 1 2 30

2 2

0

( )
2
3

20






  

 



c

E c Β dx dx dx

q
a

,        (18) 

where the charge q  is the product of the charge 
density 0q  of an arbitrary particle in the 

reference frame pK  associated with the particle 

by the volume bV  of the stationary sphere. 

In Minkowski space, the 4-velocity of the 
stationary sphere is ˆ ( ,0,0,0)u u c   , and 
based on the definition of the total 4-potential of 
the sphere’s pressure field 

2
ˆ ,b

b

p u
c c 


    
 

Π , we find b

b

p


 , 

0Π , where b  denotes the density inside the 
stationary sphere. In this case, the scalar 
potential , density b  and pressure inside the 
sphere bp  are functions of the current radius 
inside the sphere, and the equality 0Π  for the 
vector potential of the pressure field in this case 
follows from the absence of ordered motion of 
particles inside the sphere. In view of this and 
(8) for , the vectors C  and I  inside the 
sphere are expressed as follows: 

t


   

ΠC , 0 I Π . 

In case of uniform mass density 0 , 
calculations for the vector of the pressure 
strength inside the sphere give the following: 

02
0

3

0

0

sin 4
4

cos 4

4 .
3

 
  


 

   


 


   
              

 

c

c

c r
cc

r rr
c

C

r

r

 

Using this, we calculate the integral for the 
pressure: 

2 2 2 1 2 3

2
4 2

0 02 2
0

6 2
0 20

0 03 2
0

2 2

1 ( )
8

1sin 4 cos 4
2 4

42 2 1sin 4 sin 4
8 4

.
10

 

 
   

  

    
   

 

 

   

                   


            
     


 




c

c

c

C c I dx dx dx

c c r rr d r
c c r

c a a a
c c c a c

m
a

   (19) 
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We have to calculate one more term in the 
second integral in (3). The components of 
vectors S  and N  for the acceleration field are 
found as follows: 

t
 

  

US ,  N U , 

where the scalar potential   and the vector 
potential U  are part of the 4-potential of the 

acceleration field ,u
c
   
 

U , which is a 

covariant 4-velocity.  
In the limit of special theory of relativity 

 ,u c    v , where 
2 2

1
1 v c

 


 is the 

Lorentz factor for the velocity v  of the particle’s 
motion. In the reference frame K , the particle’s 
velocities inside the sphere are equal to v  and 
   should be used instead of  . Then, the 
potentials of an arbitrary particle will be 

2c   ,   U v . We need the total 
potentials of the acceleration field inside the 

sphere, emerging due to direct interaction of the 
particles with each other and due to the influence 
of fields. In case of random motion of particles, 
the velocities v  are directed in different 
directions, and therefore, inside the sphere 

0U  and 0N . However, the total Lorentz 
factor of particles    is a function of the current 
radius, and the total scalar potential 2c    is 
not equal to zero. With regard to (4), for   , it 
gives the following: 

2

02
0

3

0

0

sin 4
4

cos 4

4 .
3



 
 

 

 


  


   
              

 

c

c

c
c r

cc
r rr

c

S

r

r

 

We will calculate the last integral: 

2 2 2 1 2 3

2
4 2

0 0 2
0

4 2 2
2

0 0
00

2 2

1 ( )
8

1sin 4 cos 4
2 4

2sin 4 sin 4
2 2 44 4

.
10




   

  


   

   

 

   

                   


            
     


 




c

c

c

S c N dx dx dx

c c r rr d r
c c r

c a c a c a
c a c

m
a

   (20) 

Substituting (12), (17), (18), (19) and (20) 
into (3), we find the relativistic energy of the 
system: 

2 2 2 2
2 2

2 2 2 2

0
2 2 2 2

0
2 2 2 2

3 3
5 2

3 3
8 10
3 3

5 20

.
10 10

  


  


 


   


   




    


  

  


c c
b c

c c
c c

c c

c c

m G mE mc
a a

q mm
a a

G m q
a a

m m
a a

        (21) 

In [2], the coefficients   and   were 
calculated for the case under consideration: 

2

2
0

33
4

qG
m

 


   .         (22) 

If we substitute (22) into (21), we will see 
that the field energies are canceled completely. 
Only the energy of particles in corresponding 
fields remains: 
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2 2
2 2

2 2 2 2

0

2 2

3
5

3 3
2 8

3
10

 


 


 



  


  


  


c
b c

c c

c
c c

mE mc
a

G m q
a a

mm
a

.         (23) 

Equation (22) fixes a definite relation 
between the pressure field, acceleration field and 
gravitational and electromagnetic fields. This 
relation according to [2] reveals the fact that the 
conserved integral 4-vector, which is the result 
of integrating the equations of motion, is equal to 
zero. In this case, condition (22) appears, and 
within the given model the 4/3 problem is 
explained. 

Let us estimate the total mass of particles in 
the sphere, for which, taking into account (4), we 
integrate the mass density 0b     of 
particles in K   over the sphere’s volume: 

2
0

0
0

0

02
0

0

2

sin

4 sin 4
4

sin 4
4

cos 4

31 .
10

    

  
 

 

 
 


 





   

  
                
 

   
  





b

c

c

c

m r dr d d

c r rdr
c

c a
cc

aa
c

mm
ac

(24) 

Hence, by solving the quadratic equation, we 

obtain: 
2

2

3
10

b
c b

c

mm m
ac





  . Similarly, we can 

link the charge q  with the charge bq  of the 
sphere, which is found by the observer in K  : 

2

2

3
10

b
c b

c

qq q
ac





  . We will substitute this 

into (23), given    from (22): 

2
2

2 2

0

3
5

3 3
2 8







  



    

b
b b c

b b
b c

mE m c
a

G m q m
a a

.        (25) 

From (8), we will express the scalar potential 

c  of the pressure field in the center in terms of 

the potential s  near the surface of the sphere, 
and will consider the ratio 

2

2

3
10

b
c b

c

mm m
ac





  : 

2
02

3

2 2

   

  


   



   


c
c s

c b
s s

a

m m
a a

.        (26) 

Similarly, from (4), we will express c  in 
terms of the Lorentz factor s  of the particles 
near the surface of the sphere: 

2
0
2

2 2

2
3

2 2

  
 

  
 


  



   


c
c s

c b
s s

a
c

m m
ac ac

.        (27)  

If we take into account (27) and (22) into 
(24), we can specify the relation between bm  
and m : 

2 2

2

2

2 2

2 2
0

31
10 2

5
3 3
5 20








 
    

 
  



   


b
b s

s

s

mmm m
ac ac

mm
ac

G m qm
ac ac

.        (28) 

Substitution of (22), (26) and (27) in (25) 
gives the following: 

2

2
2

2

0

3
10

3
40






 
  



   


b

b
b s

b
b s

E M c
G mm c

a
q m

a

.         (29) 

(29) shows that when the covariant theory of 
gravitation in the weak field limit turns into 
Lorentz- invariant theory of gravitation, all fields 
in the system, including the acceleration field, 
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pressure field, electromagnetic and gravitational 
fields compensate each other so that the 
relativistic energy depends only on the mass, the 
energy of gravitational and electromagnetic 
fields, the energy of the surface pressure and the 
velocity of particles on the surface. 

The scalar potential of the pressure field near 
the sphere’s surface is connected with the 

pressure by relation: s
s

s

p


  , where sp  and 

s  denote, respectively, the pressure and the 
mass density near the surface of the sphere. 
Using the relation b bm V , where   is the 
average density with respect to the sphere’s 

volume, we find: b s s b s b
s

m p V p V


   . For 

those massive bodies, in which we can assume 
1s   and neglect the pressure sp  on the 

surface, (29) becomes a simple expression: 
2 2

2

0

3 3
10 40

b b
b b

G m qE m c
a a

   .        (30) 

From (29), we will express the mass of the 
system consisting of the matter mass bm  and the 
mass of the four fields associated with this 
system: 

2 2

2 2 2
0

3 3
10 40

s b b
b s

G m qM m
c ac ac


 

     
 

.(31) 

The mass M  is identical, at rest and in 
motion, and it is the invariant inertial mass of the 
system. Above, we found from the formula for 
the external gravitational potential o  that the 
gravitational mass of the sphere is the quantity 

2

31
10g c

mm m
ac


 
  

 
. Comparison with (24) 

shows that the sphere’s mass bm  according to 
our assumptions is equal to the gravitational 
mass gm . According to (31), the system’s 
inertial mass M  increases relative to the mass 

bm  by the value of mass-energy of the surface 
pressure, and to a certain share of the mass-
energy of the electromagnetic field, but it 
decreases due to the same share of the mass-
energy of the gravitational field. 

 

Relations between the Energies 
We will compare the different energy 

components that make up the total relativistic 
energy (29). We will denote by f gE , f eE , f pE  

and f aE  the energy components of the 
electromagnetic and gravitational fields, the 
pressure field and the acceleration field, 
respectively. As the measurement unit of energy, 
we will use the sum f g eE  of the energy 
components of the electromagnetic and 
gravitational fields from (17) and (18). Taking 
into account (24), (19), (20) and (22), we find: 

2 2 2 2

0

2 2

0

3 3
5 20

3 3
5 20

 
 

 


  
  


 


f g e f g f e

c c

b b

E E E

G m q
a a

G m q
a a

.        (32) 

2 2 2 1
10 10 2

c b
f p f g e

m mE E
a a

  
      , 

2 2 2 1
10 10 2

c b
f a f g e

m mE E
a a

  
      . 

According to (32), the energy components of 
the pressure field and acceleration field are twice 
less than the sum f g eE  of the energy 
components of the gravitational and 
electromagnetic fields and have a different sign. 
As a result, the sum of field energy components 
in (21) is equal to zero. 

We will now consider the energy components 
of the matter particles which are under the 
influence of fields. We will denote these 
components by p gE , p eE , p pE  and p aE , as the 
energy components of the particle in the 
electromagnetic and gravitational fields, the 
pressure field and the acceleration field, 
respectively. According to (9), (10), (11), (26), 
(5) and (27), we have the following: 

2 2 23 3
2 2

c b
p g

G m G mE
a a


    , 

2 2 2

0 0

3 3
8 8

c b
p e

q qE
a a


   
  ,  
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2 2

0

3 3 5
2 8 2

b b
p g pe f g e

G m qE E E
a a

      , 

2 2

2

2

3
10

3
10

5

 







   




   


  

   

c
p p c c

b
b c

b
b s

b s f g e

mE m
a

mm
a

mm
a

m E

,         (33)  

2 2
2 2

2
2

2
2

2

3
5

3
10

5

 









  




  


 

  

c
p a c

b
b c

b
b s

b s f g e

mE mc
a

mm c
a

mm c
a

m c E

. 

Now, we will sum up the energy components 
in (32) and (33) separately for each field: 

3
2g e f g f e p g p e f g eE E E E E E      , 

1
2p f p p p b s f g eE E E m E     , 

2 1
2a f a p a b s f g eE E E m c E    .         (34) 

The quantity g eE  denotes the sum of the 
energy components of the gravitational and 
electromagnetic fields, including the energy 
components of the fields themselves and of 
particles in these fields. The definition of f g eE  
is given in (32). The sum of all the energy 
components in (34) equals the relativistic energy 
of the system (29): 

2 1
2



   



    

b g e p a

b s f g e b s

E E E E

m c E m
.        (35) 

If in (35) we neglect the product b sm   due 
to the small pressure on the body surface and 
disregard the rest energy 2

b sm c  , then the 
energy value remains, which is equal to: 

 
2 2

0

3 31
2 10 40

b b
f g e

G m qW E
a a 

     .  

In classical mechanics, in which the rest 
energy is not considered, the total energy of the 
gravitational and electromagnetic fields for a 
sphere with uniform distribution of mass and 
charge is equal to: 

2 2

0

3 3
5 20

b b
g e

G m qW
a a

   . 

According to the virial theorem, it is 
considered that the internal kinetic energy should 
equal half the absolute value of the energy of 

fields: 1
2i g eW W  . The total energy is 

composed of the energy of fields and the internal 
energy: 

2 2

0

1
2

3 3
10 40

   

  


i g e g e

b b

W W W W

G m q
a a

.        (36) 

This shows that the total energy W  in 
classical mechanics coincides with the 
relativistic energy (35), if we exclude from the 
latter the rest energy and the energy of the 
surface pressure. Thus, the transition is 
performed of the covariant theory of gravitation 
into classical mechanics. However, in classical 
mechanics, it is not determined how the internal 
pressure makes contribution to the mass and 
energy of the system. 

We will now specify how in our model the 
virial theorem is realized, particularly for field 
energies and particle energies. We have the 
energy f pE  of the pressure field and the energy 

f aE  of the acceleration field, and the sum of 
these energies, according to (32), is equal to the 
absolute value of the sum of energies f g eE  of 
the gravitational and electromagnetic fields. As a 
result, the sum of fields’ energies is equal to 
zero.  

The situation for the energies of particles in 
fields is different. The energy of a particle in the 
field in the absence of the vector potential is 
defined by the product of the mass (charge) by 
the scalar potential. The sum of the energies of 
particles in the gravitational and electromagnetic 
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fields, according to (33), is equal to 5
2 f g eE , 

the energy of particles in the pressure field is 
b s f g em E   and the energy of particles in the 

acceleration field is 2
b s f g em c E  . From the 

energy of particles in the pressure field, we can 
distinguish the energy f g eE  and the energy 

f g eE  – from the energy of particles in the 
acceleration field. But, the sum of these energies 
is 5 4  times less than the absolute value 

5 5
2 2f g e f g eE E   of the sum of energies of 

particles in the gravitational and electromagnetic 
fields. At the same time, the excess energy of 
particles in the gravitational and electromagnetic 

field, which is equal to 1
2 f g eE , is 

compensated by the fact that the gravitational 
mass energy of the system increases from 2M c  
to 2

b sm c  . 

Relation with the Cosmological 
Constant 

In [1], we obtained a relation that connects 
the cosmological constant   with the 4-
potentials of fields, which are included in the 
Lagrangian: 

2 2 2

2 2

 
 

 
 

    


  

c k u J D J

A j J
.        (37) 

Let us expand the products of 4- vectors: 

0ˆ ( )u J 
     v U , 

0ˆ ( )D J 
     v D ,  

0ˆ ( )qA j     v A , 

0ˆ ( )J 
    v Π . 

Here, 0J u   is the mass 4-current; 

0qj u   is the charge (electromagnetic) 4-
current; U , D , A  and Π  denote the vector 
potentials of the acceleration field, gravitational 
and electromagnetic fields and pressure field, 
respectively; and we use the approximation of 
the special theory of relativity, in which 

 ˆ ˆ,u c   v , where 
2 2

1ˆ
1 v c

 


, v  is 

the velocity of motion of the body’s arbitrary 
particle. 

Let us consider the situation in the reference 
frame K  , which is stationary relative to the 
body in question. In K  , the particle velocities 
are equal to v  and the Lorentz factor 

2 2

1
1 v c

  


 should be used instead of ̂ . 

As a result, (37) can be rewritten as follows: 

0

0

0

0

( )
( )
( )

( )

  
  
  

 

      
    
    
    

q

c k v U
v D
v A

v Π

.         (38) 

In relation (38), the cosmological constant   
has its own value for each particle of the body. 
We intend to integrate (38) over the volume of 
the body in the form of a fixed sphere, which is 
filled with moving particles as tightly as 
possible, and which has uniform density of mass 
and charge in the entire volume of the sphere. In 
the absence of general rotation or directed matter 
flows, the particles’ velocities v  are directed 
randomly in different directions. Then, after 
integrating (38), the contribution of vector 
products containing v  will be zero, and the total 
vector potentials U , D , A  and Π  inside the 
sphere will be zero as well. Therefore, the 
integral of (38) over the volume is as follows: 

1 2 3 2

0 0 1 2 3

0 0

     
    

  


   
        




q

c k dx dx dx m c

dx dx dx
. 

 

The quantity c k   in our opinion is the 
energy density of each particle, and the integral 
of this density over the volume gives a certain 
energy constant 2m c , which is associated with 
all the particles of the system. In the right side of 
the equation, there is the integral that we have 
already calculated in (12). With this in mind, we 
can write: 
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2 2
2 2 2

2 2 2 2

0

2 2

3
5

3 3
2 8

3
10

 


 


 



   


  


  


c
c

c c

c
c c

mm c mc
a

G m q
a a

mm
a

.        (39) 

If we compare (39) with (21), we see that the 
quantity 2m c  is part of the relativistic energy 

bE  of the system and denotes the sum of energy 
components of the particles under the influence 
of fields. The energy bE  also includes the 
energy components associated with the fields 
themselves. But according to (23) in case of a 
spherical body, all these components cancel each 
other. Therefore, we can assume that for a sphere 

2 2
bE M c m c    and   M m . 

In (39), the mass m  is some constant mass, 
which denotes the total mass of body particles, 
excluding the contribution from the mass-energy 
of macroscopic fields associated with this body. 
If we divide the total body matter by particles 
and scatter them from each other to infinity, then 
for the matter at rest there will be no 
electromagnetic and gravitational fields 
associated with the interaction of these particles 
with each other. There will be no internal 
pressure from the particles’ influence on each 
other. In this case, with regard to (38) written for 
a single particle, the mass m  will consist of the 
total mass of all the particles in view of the 
energy of particles’ proper fields, the energy of 
their internal pressure and the internal kinetic 
energy. We considered such mass in [4] as the 
total mass of the body parts, scattered from each 
other and located at infinity at zero absolute 
temperature. At infinity, 1   , 2c   and then 
the system’s mass M  turns into the mass m . 

From (29-30), it follows that the system mass 
is less than the body mass: bM m , and the 

body mass bm  is equal to the gravitational mass 

gm . Since the mass m  is constant and 
associated with the cosmological constant, and 
M m , it turns out that the gravitational mass 

g bm m  of the system in (29) can change, 
when in the system there is a change in the 
energy of the pressure field or the energy of the 

electromagnetic and gravitational fields. From 
(28), we find that bm m , and M  is in the 

middle between m  and bm . As a result, the ratio 
of the masses is as follows: 

b gm m M m m    .         (40) 

Discussion of Results 
The Masses 

According to (40), in the weak field the 
inertial mass M  of the system in the form of a 
sphere with particles, taking into account the 
field energies, the internal pressure and the 
internal kinetic energy, can be described either 
by formula (29) or by the system mass m  from 
(39). The equality M m  means conservation 
of the system’s energy, regardless of whether the 
system’s parts are at infinity and do not interact 
with each other, or these parts come into close 
contact and form a coupled system. This is 
possible in case of ideal spherical collapse, when 
there are no emission and matter ejections from 
the system at any stage of the collapse or the 
matter accumulation. We discussed this question 
in [2] in connection with the problem of energy 
in spherical supernova collapse. There, we 
explained the possibility of low energy emission 
by neutrinos based on the fact that almost all the 
work of the gravitational forces during the matter 
compression can come on increasing the kinetic 
energy of the stellar matter motion and the 
pressure energy, as well as on creating the 
internal pressure gradients and particle’s 
velocities.  

Earlier in [5], we found the expression for the 
masses, which differs from (40): 

b gm M m m m     . We can explain this by 
a different accepted gauge of the cosmological 
constant – in this paper we use the formulae 
obtained with the gauge according to [1] – which 
differs from the gauge in [5]. Also, we are 
currently using for analysis another physical 
system in the form of a sphere, consisting of a 
set of particles moving inside the sphere, which 
are held together by gravitation. In such a 
system, inevitably there is difference between 
the masses m  and bm  as a consequence of the 
radial gradient of the Lorentz factor    inside 
the sphere and as a consequence of the 
difference between the density 0  of the 



Relativistic Energy and Mass in the Weak Field Limit 

 13

particles in the reference frame pK  and the 

density b  of particles from the standpoint of 
the reference frame K  , associated with the 
system’s center of mass. The mass m  in (40) in 
its meaning has technical nature, since it is 
determined only mathematically by multiplying 
the density 0  by the sphere’s volume. We will 
note that the density 0  is included in the 
system’s Lagrangian with the 4-vector of the 
gravitational (mass) current density in the form 

0J u  . The density 0  is also included in 
the equation of motion of a point particle and in 
the field equations in [1]. 

According to (29) and (40), the mass gm  is 
greater than the mass M . This means that the 
gravitational mass of the system is always 
greater than the inertial mass of the system by 
half of the absolute value of the gravitational and 
electromagnetic field energy minus the mass-
energy of the surface pressure. 

According to (40), the gravitational mass gm  
is also greater than the mass m  of the system’s 
parts, scattered to infinity. We can explain this in 
the following way. As we know, for a ball, the 
absolute value of the potential energy of the 
gravitational field is equal to the total work on 
the matter transfer from infinity to the surface 
and inside the ball. It is assumed that the ball is 
formed by gradual growth due to layering of 
spherical shells as the matter is transferred. But, 
beside the fact that the matter is transferred from 
infinity inside the body, which results in an 
increase of the absolute value of the potential 
energy of the body’s gravitational field, the force 
of gravitation performs other actions; it increases 
the kinetic energy of the particles inside the body 
as well as the energy of the particles’ pressure on 
each other and creates the gradients of pressure 
and kinetic energy of the particles inside the 
body. All these types of work of the gravitation 
force on the body formation increase the body 
mass from m  to gm . The main contribution to 
the gravitational mass increase is made by the 
emerging motion; at infinity the particles were 
stationary, but inside the body the particles move 
at velocities v . 

If we consider the virial theorem, connecting 
half the absolute value of gravitational and 
electromagnetic energies with the internal energy 

of the body, then it turns out that half of the 
work of the gravitational and electromagnetic 
fields on the body formation is transformed into 
the internal energy of the body. The total energy 
W  of the body, according to (36), is negative 
and with the help of it (35), (39) and (29) can be 
written as follows:  

2 2 2
b b s b sE M c m c W m m c       .  (41) 

Since W  is equal to half the sum of the 
gravitational and electrical energies, then we can 
see that half of the work of the gravitational and 
electromagnetic fields on the body formation is 
transformed into the mass increase from 
M m  to the value b gm m . 

From the virial theorem, the approximate 
equality follows between the absolute value of 
the total system’s energy W  (36), the internal 
body energy iW  and the binding energy, if we 
define it in (41) as the difference between the 
rest energy 2

b s b sm c m    for the mass bm  
and the rest energy of the initial state at infinity 

2m c . However, in usual interpretation of the 
binding energy it is not so, since the binding 
energy is defined as the difference between the 
total energy of the individual parts of the system 
and the energy of the system made up of these 
parts into a whole. This definition of the binding 
energy in this case gives us the relation: 

2 2 0m c M c   ; i.e., in case of ideal spherical 
collapse, the system’s energy at the beginning 
and the end of the process is the same and the 
binding energy is equal to zero. Despite the 
equality of the binding energy to zero, the 
system does not fall apart, because the masses 
are always attracted. The total energy W  (36) of 
the system remains negative. 

The invariant mass M  of the system is the 
measure of inertia of the system as a whole and 
the measure of the relativistic energy of the 
system. This means that the system’s 
acceleration under the influence of forces should 
depend on the mass M . The mass bm  can be 

calculated as the integral of the density b  over 
the volume of the sphere. The gravitational mass 

gm  is equal to bm  and can be determined by 
means of gravitational experiments near the 
body on the gravitational effect on the test 
bodies. According to (31), at an infinitely large 
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radius of the body, the mass of the spherical 
system M m  becomes equal to the 
gravitational mass of the body ( )b gm m  . 
Equation (31) can be regarded as the quadratic 
equation to determine the gravitational mass gm  
depending on the body radius a , on its electrical 
charge bq  and the total mass of the fixed parts of 
this body m M  , when these parts are 
motionless and infinitely distant from each other: 

2

2
0

2

31
40

b
g

s
s

qm M
ac

c
 

 
    

. 

Energies and Masses in the General Theory of 
Relativity 

In the general theory of relativity (GTR), the 
system’s mass M  is considered to be less than 
the total mass of the body’s parts m  [6-7]. In 
GTR, there is gravitational mass of the system 
from the standpoint of a distant observer, 
calculated as the volume integral of the sum 

NnM e , where n  is the concentration of 
matter nucleons, NM  is the mass of one 
nucleon, e  is the density of the body’s internal 
mass-energy [8]. The inertial mass of the system 
is also considered, which is calculated with the 
volume integral of the timelike component of the 
stress-energy tensor, which is then divided by 
the square of the speed of light and equated to 
the gravitational mass based on the principle of 
equivalence. Accordingly, to determine the 
system’s mass M  we need either to know the 
internal energy of the body which is not 
precisely known, or use the stress-energy tensor, 
which however does not include the gravitational 
field energy in principle. The latter is due to the 
fact that in GTR the gravitational field is 
understood as a metric field and is described by 
the stress-energy pseudotensor. As a result, 
calculation of the relativistic energy and the 
system’s mass in GTR is much more difficult 
and involves a number of conditions. For 
example, for calculating the energy the 
coordinates of the reference frame at infinity 
should transfer into the coordinates of 
Minkowski space. 

The mass of the system, with regard of the 
gravitational and electromagnetic fields, 
according to [6] and [9], in GTR in the weak 

field in our notation relative to the mass, density 
and radius of the body is equal to: 

00

2

2 2 2
0

2

2 2

2

2 2
0

1
1 1
2 2

61
5

3 1 ,
20

   

   






  
         
   



   








b b b

b bq

b
b k

b
b

T dV M

c
dV

c v E

G mm E
c ac

q dV
ac c

 (42) 

where 00T  is the mass tensor, turning after 
multiplying by the square of the speed of light 
into the stress-energy tensor of the system; the 
body mass b bm dV  ; b  and bq  are the 
density of mass and charge, respectively; 

21
2k bE v dV   is the kinetic energy;   is 

the pressure energy per unit mass, and the case 
of uniform density is considered. 

In [6] also the invariant mass density    is 
used, which implies such mass density, which 
does not change under the influence of the 
pressure or gravitational field. It is assumed that 
such invariant density    is part of the 
continuity relation in the curved spacetime: 

( ) 0g u
     , here g  is the determinant 

of the metric tensor, u  is the 4-velocity. We 
will note in this regard that in the covariant 
theory of gravitation, the continuity relation is 
written not for    but for 0  [1], and 0  can 
vary and depend on any factors, including the 
pressure and gravitational field. 

In the weak field for the fixed body in GTR 
may be written: 

2

2 2

31
2b
v
c c

   
   

 
.         (43) 

We will assume that 
2 2

2 2
0

3 3
10 40

b b
k

Gm qE
ac ac

  , as it should be 

expected due to virial theorem. If we substitute 
(43) into (42), we obtain the relation: 

*
bm M m  , so that the mass M  of the 



Relativistic Energy and Mass in the Weak Field Limit 

 15

system is greater than the mass * *m dV  . 
After substituting (43) into (42), we obtain the 
expression for the mass-energy of the system, 
which is similar to those presented in [7] and 
[10] (in contrast to [6], in [10]   is an invariant 

density and    denotes the mass density 
corresponding to our density b ). 

We will assume that the mass of the system in 
(42) according to GTR is calculated precisely 
and is equal to our mass of the system in (31):  

2
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b
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b

s b
b s

b

G mM m E
c ac

q dV
ac c

G mm
c ac

q
ac

.       (44) 

From the left side of (44), we see that in GTR 
the gravitational energy is included in the 
equation with the increased weight relative to the 
electromagnetic energy, and in the right side 
both energies have the same weight due to the 
similarity of equations for the fields. This is due 
to the fact that in GTR the gravitational field is 
replaced by the effect of the action of the metric 
field of the metric tensor. As a result, the entire 
metric contains gravitation and the 
electromagnetic field and pressure remain 
independent.  

If we neglect the contribution of 2
s

s c



  to 

(44) and consider this quantity as a unity, then 
with regard to the expression 

2 2

2 2
0

3 3
10 40

b b
k

Gm qE
ac ac

   from (44), we can 

estimate the pressure energy in GTR: 
23

5
b

b
GmdV

a
   . 

In (42), the mass M  of the system due to the 
equivalence principle is considered equal to the 
gravitational mass. This means that in GTR a 
charged body increases its gravitational mass. 

Based on the statement above, the ratio of 
masses in GTR is as follows: 

*
g bm m M m m m     ,         (45) 

where in the first approximation nm N m   
(here N  is the number of nucleons in the body, 

nm  is the mass of a nucleon), iM m W   ( M  
is the mass of the system in the form of the body 
and its fields, iW  is the internal energy in (36)), 
the mass M  is equal to the gravitational mass 

gm , the mass *m  is determined by the integral 

over the volume of the invariant density    
(43), the mass bm  is calculated by integrating 
over the volume of the body density b , and the 
mass m  is determined by us in (28) with the 
help of bm  and has technical nature. 

If the mass of the system decreases from the 
value m  to M , then there is excess energy of 
the order of iW . In GTR, the collapsing system 
must radiate this energy, so that the ideal 
spherical non-radiating collapse in GTR is 
impossible [8]. 

As we can see, relation (45) for the masses in 
GTR differs significantly from relation (40) for 
the masses in the covariant theory of gravitation. 

Conclusion 
According to (32), the total energy of the 

gravitational and electromagnetic fields summed 
up with the energy of the acceleration field and 
the energy of the pressure field inside the 
spherical body is equal to zero. During the body 
formation, distribution of energies of the body 
particles takes place in the potentials of all the 
four fields. This leads to the kinetic energy of the 
motion of particles, to the internal pressure and 
the energy of particles in the gravitational and 
electromagnetic fields. 

The difference of our approach from the 
results of GTR is that the mass of the system in 
the ideal spherical collapse does not change, 
m M  . Really, if at the beginning of the ideal 
collapse the spatial component of the total 4-
momentum of the particles falling on the center 
of mass is equal to zero due to the spherical 
symmetry, the same will take place at the end of 
the collapse, so that the mass-energy, which is 
part of the time component of 4-momentum, 
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may be conserved. However, the gravitational 
mass gm  is greater than the mass M  of the 
system, since the state of the particles changes; 
they start moving inside the system and exert 
pressure on each other. Besides, the particles 
acquire additional energy in the internal fields. 

If the system contains the electromagnetic 
field, its influence on the mass gm  is opposite to 
the influence of the gravitational field; i.e., the 

electromagnetic field must reduce the 
gravitational mass gm . We can calculate that if a 
body with the mass of 1 kg and the radius of 1 
meter is charged up to the potential of about 5 
megavolt, it must reduce the gravitational mass 
of the body (not including the mass of the 
additional charges) at weighing in the gravity 
field by 1310  mass fraction, which is close to 
the present day accuracy of mass measurement. 
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Introduction 

Although Mediterranean countries are diverse 
in their socio-economic development, 
infrastructure, climate and water availability, the 
region as a whole is undergoing rapid social and 
environmental changes which may harbor 
negative implications for future sustainability 
[2]. Water scarcity is anticipated to become an 
even greater regional problem in the near future, 
as the population grows and climate change 
potentially makes precipitation more uncertain 
and variable. Jordan, in particular, has already 
one of the lowest levels of water resource 
availability per capita in the World. Management 
of water resources is therefore a key issue facing 
national government authorities [3, 4]. 

In July 2013, Jordan began pumping water 
from the southern fossil aquifer of Disi. A $990 
million project started in 2009 which involves 
digging 55 wells and piping water supplies 325 
kilometers to the capital city Amman, as well as 
to other governorates in the country. The 

lifespan of this non-renewable water conveyance 
project is estimated at 20-30 years, if abstraction 
rates are kept at around 100 mcm each year. The 
project hence provides a provisional solution to a 
long-term problem, but provides Jordan with 
enough time to consider other options like 
desalination [3]. Therefore, the Disi resource is 
of vital importance to the country, especially 
amid the unrest in the region which imposes 
direct multifold impacts on Jordan, one of which 
is related to hosting significant numbers of 
refugees. 

In 2009, a study by Vengosh et al. [1] was 
conducted aiming at understanding how salinity 
is correlated with radioactivity in groundwater, 
to evaluate the sources of radium in the Disi 
aquifer, to investigate the possible mechanisms 
of radium mobilization from the host aquifer 
rocks and to evaluate the impact of this 
phenomenon on future water utilization from 
similar aquifer basins in the Middle East. 
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Though the high radium content in the Disi 
aquifer in Central Jordan is hypothetically 
correlated to its high salinity, Vengosh et al. 
noticed that the corresponding high radioactivity 
in the Rum Group is associated with low-saline 
groundwater. In addition, this finding cannot be 
explained by anomalous radium content in the 
host aquifer rocks which are not different from 
those of other worldwide sandstone rocks. 

The study ultimately revealed the Disi water 
to be highly radioactive, thus surrounding the 
Disi conveyance project with controversy. The 
paper [1] reported the combined 226Ra and 228Ra 
activities to be much higher than international 
drinking water standards. The reported data 
raised concerns over the safety of Disi and 
similar nonrenewable groundwater reservoirs, 
intensifying the already severe water crisis in the 
region. That important paper was cited in 
different reports [e.g. refs. 5-8] in addition to 
local and international media and became the 
focus of attention for a continued debate over the 
indispensable Disi conveyance project. 

The activity concentration of three -emitting 
isotopes of radium; namely 223,224,226Ra, in 
addition to the -emitting 228Ra, were measured 
by Vengosh et al. [1] in thirty-seven 
groundwater samples collected, at different 
dates, from wells in the sandstone Disi aquifer. 
The study covered the Rum Group aquifer [9], 
the Khreim Group in Disi-Mudawwara [10] and 
areas in Central Jordan. The current work aims at 
a further analysis of the same raw data reported 
in Table 1 of the Vengosh et al. paper. In 
addition to radioactivity concentration, this work 
evaluates the committed effective annual dose 
from the four radium isotopes measured by 
Vengosh et al.. The results are then discussed in 
the framework of national and international 
guidelines and standards. The associated risks 
are finally assessed. 

Results and Discussion 
The hydrogeological nature of the Vengosh et 

al. [1] study did not require the calculation of the 
corresponding effective dose delivered to 
consumers. Therefore, Table 1 of the Vengosh et 
al. paper only lists the measured activity 
concentration (in Bq/l) for the four radium 
isotopes. Although the table compares these 
activity concentration values to the 
corresponding international requirements and 

guidelines, no dose calculation at that stage was 
implied by the objectives of the study. 

In order to complement that earlier research, 
the quantity of interest in this work becomes the 
committed effective annual dose. It is calculated 
from the individual radionuclide concentration 
and the corresponding dose coefficient [11] for 
adults, assuming annual consumption of 730 
liters [12]. The total dose is calculated as: 

( / )

( / )

( / ) 730( / ) ( / ),

Total

i
i

i i
i

D mSv a

D mSv a

A Bq l l a C mSv Bq



 

 






      (1) 

where Di is the dose from a given isotope i, Ai is 
the activity concentration for each isotope as 
measured by Vengosh et al., while the dose 
conversion coefficients Ci (Table 1) are obtained 
from the International Commission on 
Radiological Protection ICRP 2012 report [11], 
which are also adopted by the World Health 
Organization [12]. These dose coefficients 
account for radiation and tissue weighting 
factors, in addition to relevant metabolic 
information. 

TABLE 1. The dose conversion coefficients for 
the four radium isotopes [11]. 

Isotope Ci (mSv/Bq) 
223Ra 1 x 10-4 
224Ra 6.5 x 10-5 
226Ra 2.8 x 10-4 
228Ra 6.9 x 10-4 

Data in Table 2 of this work was calculated 
using the corresponding data in Table 1 of 
Vengosh et al.. For each of the investigated 
wells, regular font data in the table are related to 
activity concentration, while bold font data are 
dose-related values. Private communication with 
the Water Authority of Jordan WAJ indicated 
that water currently pumped from the wells 
arrive at the reservoirs after a minimum period 
of 2.7 days. Though this period does not include 
an additional time to reach households through 
the distribution network, the 2.7 days period was 
adopted for a conservative estimate of the decay 
of the relatively short lived radium isotopes; 
namely 223Ra and 224Ra, with half-life times T1/2 
of 11.435 and 3.66 days [13], respectively. 
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Obviously, no significant decay is expected for 
the other two isotopes (T1/2(226Ra)=1600 years 
and T1/2(228Ra)=5.75 years [13]). Consequently, 
the activity concentration values in Table 2 
(regular font) for 223Ra and 224Ra differ from the 
corresponding values in Vengosh et al.. In 
addition to these activity concentration values Ai, 
the corresponding dose from each isotope Di 
(Eq. 1) is also tabulated in boldface. 

It is evident that though the relative 
contribution of 224Ra (a progeny of the relatively 
high abundant 232Th) to the total activity 
concentration, and in general to the gross alpha 
activity, is significant (Table 1 in Vengosh et 
al.), its short half-life together with its relatively 
small conversion coefficient Ci (Table 1) cause 
its contribution to the total dose to diminish 
(Table 2 and Fig. 1). In addition, the activity 
concentration of 223Ra, being a progeny of the 
much less abundant 235U, is obviously small. 
This fact, together with its short half-life and 
relatively small Ci, yield a negligible 
contribution of this radium isotope to the total 
dose (Fig. 1). Table 2 and Fig. 1 reveal the fact 
that 228Ra, being a progeny of 232Th with long 
half-life and large Ci, dominates in terms of its 

contribution to the total dose. Finally, 226Ra, a 
daughter in the 238U decay series, contributes 
significantly to the total dose for reasons 
qualitatively similar to those related to 228Ra, but 
with quantitatively smaller effect. In the above 
discussion, the half-life affects the dose in terms 
of the decay during the period between water 
withdrawal and consumption. On the other hand, 
the four radionuclides under consideration have 
the same biological half-life, and the reverse 
effect of decay half-life is accounted for by the 
dose conversion factors Ci. 

The total activity concentration (in the 
reservoirs) and the corresponding dose value are 
calculated and listed in the seventh column of 
Table 2. The activity concentration screening 
levels of 0.5 Bq/l for gross alpha activity and 1 
Bq/l for gross beta activity as set by the WHO 
[12] are obviously exceeded. Consequently, the 
dose from individual radionuclides should be 
considered (Fig.1). The total dose from the four 
Ra isotopes for each Disi aquifer group are 
histogrammed in Fig. 2. Obviously, the dose 
from the Rum Group as well as from Central 
Jordan wells is high compared to the 0.1 mSv/a 
recommended in the WHO Guidelines [12]. 

 
FIG. 1. The dose contribution of the four radium isotopes for each of the Disi aquifer groups. A conservative delay period of 

2.7 days for water pumped from each well to reach the collection/mixing reservoir has been assumed. 
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In addition, and since consumption of radium 
in drinking water increases the risks for bone 
cancer and leukemia, it is important to note that 
“many” Rum-group wells exceed the derived 
concentration of 0.5 Bq/l (or 1 Bq/l) for 226Ra 
and “most” Rum-group wells exceed the derived 
concentration of 0.2 Bq/l (or 0.1 Bq/l) for 228Ra, 
as set by the European Union [14] (or in the 
WHO guidelines [12]). The combined 226Ra and 
228Ra activities also exceed the US-EPA limit of 
5 pCi/l [15]. Consequently, the committed 
effective annual dose from individual 
radionuclides should be considered (Fig.1). 
Obviously, the annual dose from the Rum-Group 
as well as from Central Jordan wells is high 
compared to the 0.1 mSv/a recommended in the 
WHO Guidelines. It is worth mentioning that in 
October 2013, the European Union [14] adopted 
the same WHO guideline value of 0.1 mSv/a. 
The above mentioned guidelines on activity 
concentration of 1 Bq/l and 0.1 Bq/l for 226Ra 
and 228Ra, respectively, are derived from this 
recommended dose of 0.1 mSv/a.  

Nevertheless, the very same WHO report 
emphasizes the fact that "it is essential that each 
country reviews its needs and capacities in 

developing its regulatory framework". It also 
mentions that no international standards for 
drinking water quality are promoted for 
adoption, the main reason being "the advantage 
provided by the use of a risk-benefit approach, 
qualitative or quantitative, in the establishment 
of national standards and regulations". 
According to the report, the guidelines provide a 
scientific point of departure for national 
authorities to develop drinking water regulations 
and standards appropriate to the national 
situation. In particular, Chapter 9 of the WHO 
report that particularly discusses radiological 
aspects emphasizes that "screening levels and 
guidance levels are conservative and should not 
be interpreted as mandatory limits. Exceeding a 
guidance level should be taken as a trigger for 
further investigation, but not necessarily as an 
indication that the drinking-water is unsafe". The 
WHO report also emphasizes the fact that 
background radiation exposures vary widely 
across the Earth, but the average is about 2.4 
mSv/a, with the highest local levels being up to 
10 times higher without any apparent health 
consequences; 0.1 mSv therefore represents a 
small addition to background levels.  

 
FIG. 2. A histogram of the radium dose from each well in the four Disi aquifer groups, compared to the WHO, 

Jordanian and Australian guidelines and standards. 
 

In this context, the Australian National Water 
Quality Management Strategy report; namely the 
2011 Australian Drinking-Water Guidelines 
[16], recommends a guideline dose of 1 mSv per 
year to be applied for radioactivity in drinking 

water. This is ten times the corresponding 2011 
WHO value of 0.1 mSv/a [12]. The Australian 
document does not consider its recommended 
dose as a mandatory limit, but when exceeded, a 
decision on the need for and the degree of 
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remedial action should be based on a cost-benefit 
analysis, and there may be circumstances where 
there is no practical alternative but to accept a 
dose that exceeds the guideline dose of 1 mSv/a. 
The Australian guideline value is based on 

earlier studies [17,18] on drinking water quality 
in areas dependent on groundwater. In Jordan, 
however, a mandatory regulation sets a standard 
of 0.5 mSv/a [19]. 

 
FIG. 3. Average radium dose according to two mixing models with non-Disi water with a conservative 0.15 mSv 

annual dose [6]. 
 

Therefore, in addition to the WHO guideline, 
both Australian guideline and Jordanian standard 
values are indicated in Figs. 1 and 2. The 
average dose from each group, together with its 
uncertainty, are depicted in the white column of 
Fig.3 (see Table 3). Water from the Khreim 
group could comply with the conservative WHO 
recommendation when the other less significant 
radionuclides are accounted for, while the 
average dose from Central Jordan wells could 
satisfy the Jordanian standard. The unconfined 
and confined Rum groups slightly exceed the 
Jordanian dose limit and the Australian 
guideline, respectively. 

Needless to say, water treatment could 
considerably reduce radium concentration and 
hence the associated dose to levels well below 
the Jordanian standard. An alternative cost-
effective solution is to develop a crude model for 
blending Disi ground-water with e.g. surface 
water in a reservoir in e.g. Amman. This is 
intended to provide an assessment, at least 
qualitatively, about the effectiveness of such 
mixing on reducing the dose in drinking water 
delivered to consumers. To make this model as 
conservative as possible, a dose value of 0.15 
mSv/a will be adopted for the non-Disi resource 

[6]. Mixing ratios of Disi:Non-Disi =1:1 and 2:1 
are considered (Table 3) and depicted in the 
shaded and gray columns of Fig. 3, respectively. 
According to such conservative models, a dose 
of less than the WHO guideline is definitely not 
achievable. Nevertheless, blending can reduce 
the dose well below the Jordanian standard. 

Associated Risk Assessment 
The linear-no-threshold LNT hypothesis [20-

22] assumes that the demonstrated relationship 
between radiation dose and adverse effects at 
high levels of exposure can be linearly 
extrapolated to low levels relevant to drinking 
water, hence providing the "deliberately 
conservative" basis of radiation protection 
standards. Some evidence suggests that there 
may be a threshold below which no harmful 
effects of radiation occur. However, this is not 
yet accepted by radiation protection bodies as 
sufficiently well proven to be taken into official 
standards. Hence, the rather conservative LNT 
hypothesis is adopted in this assessment. Using 
LNT, the International Commission on 
Radiological Protection ICRP estimates the 
lifetime risk of a fatal cancer resulting from 
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exposure to radiation to be 510-2 per Sv of 
annual radiation dose [16,23,24]. Fig. 4 depicts 
this linear relation in the relevant dose region of 
this study. On the basis of this estimate, a dose 
of 0.1 mSv per year gives a lifetime risk of about 
five additional fatal cancers per million people. 
The term "additinal fatal cancers" means 
incidences that occur in addition to those 
resulting from all other causes. The above 
discussion concentrated only on fatal cancer 

risks. The WHO documentation [12], on the 
other hand, considers the nominal probability 
coefficient for radiation-induced stochastic 
health effects, which include fatal cancer, non-
fatal cancer and severe hereditary effects for the 
whole population to be 7.310-2 Sv-1 (which also 
refers to ICRP). Multiplying this by the annual 
dose yields the dashed line in Fig.4. 

 

 
FIG. 4. Lifetime fatal cancer risks as well as all stochastic radiation-induced health effects per million people as 

a function of the annual radiation dose. Obviously, the conservative LNT hypothesis has been adopted. In 
calculating the average dose from pure Disi water, as well as for the two blending models, the Central Jordan 
wells have been excluded (Table 3), since water is assumed to be pumped from Rum- and Khreim-like wells. 
 

It is worth emphasizing here that this study 
includes only radium isotopes. However, some 
guidelines and standards exclude radon and 
radon progeny, tritium, 14C and 40K from the 
calculation related to the limit of the total 
ingested dose. Among radon daughters, the -
emitter 210Pb and -emitter 210Po with Ci values 
of 6.910-4 mSvBq-1 and 1.210-3 mSvBq-1, 
respectively, are worth particular attention. 
Though their dose conversion coefficients are 
high, being progenies of the gaseous radon, their 
corresponding activity concentration is 
remarkably low compared to radium in 
abstracted groundwater [7, 25]. The isotopic 
species in the natural decay series that belong to 
the elements thorium and protactinium can be 
neglected when groundwater safety is discussed, 
since both elements exhibit very poor aqueous 
solubility [26]. Uranium isotopes have relatively 
small Ci values [11]; namely 4.510-5 mSvBq-1 

for 238U and 4.910-5 mSvBq-1 for its grand-

daughter 234U (compare Table 1), and 235U is 
poorly abundant. In general, uranium chemical 
toxicity is addressed separately. 

Nevertheless, a comprehensive rigorous risk 
assessment should include all radionuclides; the 
above cited literature [e.g. ref. 7] indicates a 
possible conservative contribution of isotopes 
other than radium of about 5% to 25% to the 
total effective dose. Of particular importance is 
210Po [27]. Age-related doses should also be 
considered in a more comprehensive risk 
assessment. Finally, risk assessment should 
consider all radiological, chemical and biological 
factors, balanced against risks associated with 
deficiency in water supplies. 
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Conclusions and Recommendations 
This work has been motivated by the 

necessity to provide further analysis of the data 
published by Vengosh et al. [1]. Though the 
author prepared a short comment on that paper, 
which has been recently published in the same 
journal [28], this work provides a more 
comprehensive analysis and discussion than 
provided in that short correspondence [28].  

The results of this work reveal the 
radiological quality of the indispensable Disi 
drinking-water to be satisfactory for 
consumption in a water-poor part of the World, 
if risks are carefully managed. Blending ratios 
should take into consideration any possible 
buildup of the non-mobile 228Th in the system, 
which could affect the 224Ra concentration. 
Continuous and routine monitoring, including 

sample collection and measurement, is essential 
to ensure compliance with the local standards.  

Transparency in the governmental water 
policies psychologically enhances the public 
acceptance. Practically, decision on blending 
ratios should always take into consideration the 
importance of reducing risk as much as 
reasonably achievable. However, the availability 
and quality of surface water, to a given blending 
reservoir, could be a limiting factor. Water 
treatment facilities, if found feasible, should be 
considered locally in regions with limited 
availability of surface water resources. Proposals 
for water desalination in the Gulf of Aqaba, 
which is intended to provide a more sustainable 
supply, can be considered as a future resource 
for blending which can take place on-site in the 
south, thus eliminating the necessity for regional 
blending. This scenario enables freeing surface 
water resources to be available to other usage. 
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Abstract: Passive radon diffusion dosimeters containing CR-39 detectors, and an active 
electronic device, RAD7®, were used for measuring soil radon concentration levels, at 
different depths, in a phosphatic site in the city of Irbid, north of Jordan. Time-averaged 
values of the active detector readings based on the periodicity of soil radon concentration 
levels are compared with measurements of the passive detectors at different depths. An 
acceptable agreement is observed. 
 Highlights 
 Soil radon measured using an active detector (RAD7®) and a passive one (CR-39). 
 Diurnal periodicity of soil radon diffusion and time-averaged values of RAD7® readings. 
 The “average” readings of the RAD7® are compared to the measurements of the CR-39. 
Keywords: Soil; Radon; Active detector, RAD7®, CR-39 dosimeters; Phosphate. 
 

 
Introduction 

Radon (222Rn) study and measurements is an 
important topic in the applied nuclear and 
environmental field. Health hazards due to the 
exposure of population to radon and its progeny 
for long periods are the motivation behind many 
studies in this field. The major source of radon is 
soil and rocks beneath it. At least 80% of the 
radon emitted into the atmosphere comes from 
the top layers of the ground (around 1.5 m) [1]. 

Radon emanation is associated with the 
presence of uranium and its daughter radium in 
soil. Different types of rocks have typically 
different concentrations of uranium, thus 
different concentrations of radon, in soil and in 
the air above it. In particular, phosphate deposits 
contain the naturally occurring radionuclides 
238U and 232Th together with their decay progeny. 
The radon gas belongs to the 238U chain [2]. In 
Jordan, phosphate is an important national 
economic source. Many regions in the country 
are of the type of phosphatic formation. Radon 
environmental studies in many locations in 
Jordan, where the soil is phosphatic, were 

initiated more than 20 years ago. A national 
effort for the assessment of radon in dwellings, 
soil, water sources,  …etc. had been carried out 
since the early 1990s [3-6]. The present work is 
a continuation of this effort. 

There are several detection techniques for 
measuring radon concentration levels, among 
which are solid-state nuclear track detectors 
(SSNTD), ion chambers and solid-state 
detectors. They are mainly grouped into two 
categories: 1) passive diffusion radon dosimeters 
using CR-39 detectors [7-8] and the LR115 
detectors [9]. 2) active detectors based on 
continuous radon sampling requiring an electric 
power [10] such as the RAD7® [11] and 
AalphaGuard® [20].  

In this work, both CR-39 and RAD7®, from 
Durridge Co., Bedford, MA 01730, USA, have 
been used. Time integrated average values for 
soil radon concentration levels are obtained 
using the CR-39 dosimeters. In contrast, the 
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active detector RAD7® gives multiple readings 
over a given period of time.  

Criteria for comparing these two types are 
mainly related to measurement precision and 
time needed for performing measurements in 
different operational conditions: atmospheric, 
landscape, … etc. [12].  

The present comparative study is based on 
measurements of soil radon concentration levels 
in a phosphatic formation, using an active 
detector; RAD7®, in NORMAL mode, and a 
passive one; the CR-39 dosimeter. 

There are several similar studies in literature. 
It is worth mentioning that none of them was 
concerned with phosphatic formations.  

S. Giammanco et al. [13] made a comparison 
between different detection systems for 
measuring soil radon concentration levels along 
an active fault: the case of the Pernicana fault 
system, Mt. Etna (Italy). Three techniques were 
used: SSNTDs (CR-39 type), active detector 
(RAD7®) and soil CO2 efflux measurement 
devices. Their main conclusion was as follows: 
while spot measurements of soil radon using 
RAD7® are useful for the quick recognition of 
high emission sites to be later monitored for 
222Rn variations in time, SSNTD (CR-39 type) 
allow for the temporal monitoring of a relatively 
large number of sites, but cannot distinguish 
short-term changes due to their long integration 
times. 

M. Abo-Elmagd et al. [14] measured radon 
and its related parameters inside seven ancient 
Egyptian tombs of the Valley of the Kings in 
Luxor, using passive (CR-39) and active (Alpha-
Guard analyzer) techniques. The measurements 
were performed throughout winter and summer 
seasons. They concluded that active 
measurements are precise and provide fast 
results, but cannot be used for a long time. The 
CR-39 can be used over long exposure periods; 
i.e., this technique is useful in low-radioactivity 
measurements. 

G. Jönsson et al. [15], in the framework of an 
EU-radon project, measured radon levels with 
passive, solid state nuclear track detectors of the 
types LR 115, CR-39 and Makrofol and with 
active electronic devices. They showed that 
active detectors are able to give time resolved 
data, while passive detectors give time integrated 
data. 

Finally, in a recent work, Espinosa et al. [10] 
published the results of an intercomparison of 
indoor radon data using NTDs (nuclear track 
detectors) and four different dynamic recording 
systems, including RAD7®. Measurements were 
carried out in a controlled one-room cellar 
carved into volcanic rock presenting an almost 
constant radon emanation throughout the four 
seasons. Averages of the sum of short-term 
measurements over a long period were used in 
order to make a comparison with the passive 
detectors’ response. Their main conclusion was 
that the active electronic devices can give good 
account of short-term indoor fluctuations even if 
the average radon concentrations of different 
monitors differ by 35%. They attribute these 
fluctuations to sudden changes in temperature 
and humidity of the air in the cellar. 

The previous results [10] were based on 
averaging over a long period of time (three 
months). In this study, the idea is to use the 
periodicity of diurnal soil radon concentration 
levels in order to find an average over a 
relatively short period of time (7 hours). 

Methodology and Experimental 
Procedure  

Active detectors are designed to be used in 
measurements of indoor radon, especially in 
dwellings for safety purposes. For measurements 
of radon in water samples or in soil, simple extra 
accessories are needed.  

RAD7®, recently acquired, was used for the 
first time in this work. It is calibrated by the 
manufacturer against a master instrument, which, 
in turn, is calibrated against a standard 
maintained by the British National Radiological 
Protection Board (NRPB), known as HPA 
(Health Protection Agency) since 2004. The 
overall calibration accuracy is estimated to be 
about ±5%.  

RAD7® is a versatile radon detector. It is a 
measuring instrument used in laboratories and 
research work by radon testers, mitigators and 
home inspectors, in various sites with different 
climatic conditions. RAD7® is a computer-driven 
electronic detector and easy to use, with pre-
programmed set-ups for common tasks. 

The RAD7®'s internal sample cell is a 0.7 
liter hemisphere, coated on the inside with an 
electrical conductor. A solid-state, ion-
implanted, planar, silicon alpha detector is at the 



Comparative Study of Soil Radon Concentration Levels Using Active and Passive Detectors 

 31

center of the hemisphere. The high voltage 
power circuit charges the inside conductor to a 
potential of 2000 to 2500V, relative to the 
detector, creating an electric field throughout the 
volume of the cell. 

RAD7® is a sniffer that uses the 3-minute 
alpha decay of a radon daughter, without 
interference from other radiations, and the 
instantaneous alpha decay of a thoron daughter. 
It sniffs out entry points and radon gushers and 
recovers in minutes from high radon exposures. 

The site chosen (latitude 32 32’, longitude 
35 51’) is in the city of Irbid, Jordan, near the 
campus of Yarmouk University. The bedrock is 
a mixture of Al-Hisa Phosphatic (AHP) 
Limestone and Amman Silicified Limestone 
(ASL) formations [16].  

A hole was dug and, for averaging purposes, 
two previously calibrated CR-39 dosimeters of 
closed can technique [6] were placed at 100, 80, 
60, 40, 20 and 0 cm depths. Thus, a total of 
twelve dosimeters were used. Each time a 
dosimeter was planted, the depth was refilled 
with the soil extracted while digging. No 
external source of soil was used. 

All dosimeters were left in situ for 22 days 
before being collected, so that radon gas can 
reach secular equilibrium with its parent (226Ra). 
In order to extract the soil radon concentration 

levels, a standard procedure for the treatment of 
the dosimeters is followed in a similar manner as 
in [6]. A 15% error estimation is also made as in 
the previous reference. 

When using the active detector, it is essential 
to collect radon samples without exposing them 
to outside air. For this purpose, a special probe 
was devised for this study. A flexible transparent 
tube, 0.45 inch in diameter and 10 m in length, is 
inserted into metallic pipes of half an inch 
diameter. The metallic pipes’ lengths were (10, 
30, 50, 70, 90 and 110 cm) used for the depths: 
0, 20, 40, 60, 80 and 100 cm, respectively. Thus, 
each of the latter pipes appears 10 cm above the 
soil. The probes were inserted at the same time 
as the dosimeters were planted. To avoid 
leakages of all kinds, the metallic pipes were 
tightly closed. Fig. 1 shows a schematic 
representation of the setup. Measurements were 
carried out on a daily basis for each depth for 
eight hours from 09:00 am to 5:00 pm. Readings 
after every half-hour cycle ware registered. 
Thus, the total number of readings taken is 
sixteen (16). To avoid the effect of deposition of 
solid particles (decay products of radon) on the 
active detector, RAD7® was put off for the rest 
of the day between two consecutive sets of 
measurement in order to get rid of these solid 
daughters.  

 
FIG. 1. Experimental setup - schematic. 
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Data were taken from Feb. 26 to March 3, 
2011, during the rainfall season in the region. 
There was no rainfall during this period and 
temperatures of the air registered by RAD7® 
ranged between 15.5 C and 19.4 C. In addition, 
the studied soil represents an acceptable 
homogeneity and thus variations of moisture and 
water saturation will be neglected in this study 
[16]. 

The first two readings will be low, because 
the 218Po decay rate in the detector takes more 
than 10 minutes to reach equilibrium with the 
radon concentration in the measurement 
chamber. Readings are stored in the RAD7® 
memory for later use. Thus, 14 of the 16 
recorded readings, for each depth, will be used in 
this work.  

Because of the high quality alpha 
semiconductor detector, and unique real-time 
spectral analysis, the RAD7® background is 
vanishingly small and is immune to the buildup 
of lead-210, which plagues other instruments. 
Intrinsic background may add less than 1 Bq/m3 
to a typical measurement, far below the radon 
concentration of outdoor air (usually several 
Bq/m3 to few tens of Bq/m3). All the previous 
details as well as the technique of calculating the 
radon concentration levels separately from those 
of thoron and corrections due to absolute 
humidity and more technical specifications can 
be found in the RAD7® user’s manual [11]. The 
practical timetable followed is shown in Table 1. 

TABLE 1. Practical timetable for measuring soil radon concentration levels. 
Depth (cm) 0 20 40 60 80 100 
RAD7® (8 hours daily) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
CR-39 22 days 

 

Results and Data Analysis 
The RAD7® Readings 

Figures 2-6 show radon concentration levels 
using RAD7® (CRAD7) for the depths 20, 40, 60, 
80 and 100 cm. In most circumstances, the 
precision of individual RAD7® measurements of 
radon concentration is limited by counting 
statistics. In Figs. 2-6, an overall error of 5% is 

considered for each individual measurement 
instead of using the error given by the device 
itself. For the depth z = 0 cm, the maximum 
measured value is adopted; namely 1170 Bq/m3. 
As explained earlier, the first two readings, for 
each depth, are dropped. 

 
FIG. 2. RAD7® readings at a depth of 20 cm. See text for the fit details. 
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FIG. 3. RAD7® readings at a depth of 40 cm. See text for the fit details. 

 
FIG. 4. RAD7® readings at a depth of 60 cm. See text for the fit details. 

 
FIG. 5. RAD7® readings at a depth of 80 cm. See text for the fit details. 
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FIG. 6. RAD7® readings at a depth of 100 cm. See text for the fit details. 

 

The CR-39 Readings 
Table 2 shows the soil radon concentration 

levels measured using the CR-39 dosimeters 
(CCR39 in Bq/m3) for the depths 0, 20, 40, 60, 80 
and 100 cm. Each of these measurements is the 
average reading of two dosimeters positioned at 
a given depth. 

Fig. 7 shows a comparison between the two 
types of detectors, for the same depths 
mentioned above, where the averages of the 
RAD7® readings for each depth were considered. 

Another possible comparison can be achieved 
where the RAD7® data is fitted to a cosine 
function. This choice is based on the well 
established periodicity of soil radon diffusion 

[17-18]. The basic idea is that, for a given depth 
z, variation of soil radon concentration with time 
follows a similar pattern as the soil’s 
temperature. In the appendix below, the major 
ideas are discussed. 

We actually use the relative quantity, for a 
given depth, 

max

RAD
rel C

CC 7            (1) 

where CRAD7 and Cmax are respectively the 
reading of RAD7® and the maximum value of 
the set of 14 readings of the active detector. 

TABLE 2. 39CRC , maxC , C  and FitC  for all depths. See text for the definitions. 
Depth  z (cm) 0 20 40 60 80 100 

39CRC  (Bq/m3) 1390 9682 16778 19817 21720 24206 

maxC  (Bq/m3) 1170 7904 25168 28359 23041 17328 

C  (Bq/m3) 1170 2655 13197 12303 15412 10299 

FitC  (Bq/m3) - 2907 15714 13782 17852 11588 

%100
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diff   74 18 39 27 57 
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FIG. 7. C  (RAD7®) vs. CCR39 for all depths. 
 

Eq. A7; namely   BtAC fit  cos  

with  = 0.262 rad/hour, is used to fit the data 
(Crel). The fit parameters are: the dimensionless 
offset constants A and B and the phase constant 
. The pre-imposed confidence level is 90%. 

Figures 2-6 also show the fitting curves, as 
well as the resulting parameters of the fit: A, B 
and . 

Although the periodicity of soil radon 
diffusion is admitted to be valid for small depths 
(typically 50 cm), the fit here was done for all 
depths from 20 to 100 cm. It is being used as a 
mathematical tool in order to find a time-
averaged value for the set of readings of RAD7® 
for each depth. 

This average is defined as: 

   dtBtACC RADFit  
14

1
7 cos

13
1

             (2) 
 
The obtained values, called ( FitC ), are 

shown in Table 2. The simple average ( C ) as 
well as ( maxC ) for each set of the RAD7® 
measured values are also shown for comparison 
purposes. The last rightmost columns in the table 
give the following differences: 

39
1

39

39

2
39

39

3
39

100% ,

100% ,

100% .

CR

CR

CR

CR

CR

CR

C C
diff

C

C C
diff

C

C C
diff

C


  


   

   


max

          (3) 

Finally, Fig. 8 shows FitC  compared to the 
readings of the CR-39 passive detectors. 

Discussion 
The following remarks can be drawn from the 

previous results: 

1- Both types of measurements, using the 
RAD7® active detector and the CR-39 passive 
dosimeters, show that soil radon 
concentration levels increase exponentially 
with depth as expected and confirmed by 
many previous studies [19]. 

2- Data fitting to a time-dependent cosine 
function, inspired by the variation of the 
soil’s temperature, is valid for small depths z 
 60 cm. Extrapolating to larger depths give 
acceptable results.  

3- Averages, over a short period of time, 
obtained using this fit, give values of soil 
radon concentration levels which are 
comparable, and in the right range, to 
measurements obtained using the passive 
detectors. 
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FIG. 8. FitC  (RAD7®) vs. CCR39 for all depths. 

The percent differences, for each depth, 
between maxC , C  and FitC , shown in Table 2, 
indicate that the average-time values can 
represent well the set of readings of RAD7® over 
the time period of measurement (7 hours). 

Conclusion  
Measurements using the RAD7® active 

detector and the CR-39 passive radon diffusion 
dosimeters show that soil radon concentration 
levels increase with depth as expected and 
confirmed by many previous studies [19]. The 
differences between the two types of detectors 
are mainly due to their function modes.  

Taking the simple average of a set of readings 
of RAD7® over a short period of time gives the 
differences  2diff 16%, 73%, 21%, 38%, 29% 
and 57% for the depths 0, 20, 40, 60, 80 and 100 
cm, respectively. 

A standard non-linear least squares fit using a 
cosine function (A cos(t + ) + B), where  is 
the angular frequency of the rotation of the earth 
around the sun, was used in order to smooth the 
RAD7® data using the expected periodic 
behavior of soil radon concentration with time. 
The time-average of this function is taken as 
being the “reading” of RAD7® for a given depth. 
Comparing this time-average to its 
corresponding measurement by the passive CR-
39 dosimeters gives acceptable results. 

The differences in this case  3diff  are 16%, 
74%, 18%, 39%, 27% and 57% for the depths 0, 
20, 40, 60, 80 and 100 cm, respectively. 

Comparing these differences with those in the 
previous paragraph indicates that the time-
averaged values of the RAD7® readings 
“inspired” by the cosine behavior can be well 
considered instead of the simple averages over a 
short period of time. 

Appendix 
The temperature of the soil can be obtained 

from the solution of the heat equation: 

Ta
t
T 2



          (A1) 

with a heat wave, originating from the sun and 
hitting the soil, given by: 

T(t) = T0 cos(t + ) at z = 0.        (A2) 

a is the Fourier coefficient, which is related to 
the physical properties of the diffusing medium 
as follows. For a medium of density  (g cm-3) 
and specific heat capacity at constant pressure cP 
(J g-1 K-1) and thermal conductivity (k (usual 
units: W m-1 K-1), we have: 

 Pc
ka


   .          (A3) 

T0 is the maximum amplitude of the heat 
source (the sun) generally taken to be 15 C; i.e., 
the average temperature of the earth,  is the 
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angular frequency of the earth ( = 7.2710-5 
rad/s = 0.262 rad/hour) and  is a phase constant. 

The temperature field, T(z,t), at depth z below 
the soil/air interface is the solution of the heat 
equation with the boundary conditions: 

   tTTtT av  cos,0 0         (A4) 

  avTtT ,  ,         (A5) 

where Tav is the average temperature of the soil-
air interface (around 18 C in this study). This 
solution has the form - see details in [18]: 

  0, cosF z
av

z
T z t T T e t

v
       
  

,       (A6) 

where F is the inverse of the damping width 
which is the width at which the amplitude of the 
wave is reduced by a factor 1/e and v is the 
diffusion velocity. 

Taking a, the Fourier coefficient for soil 
(0.018 cm2 s-1),   12 0.0449cmF a   , 

1 12 0.0016cms 5.827cmhv a     . 

The periodic function used for the fit of the 
RAD7® data is: 

  .cos BtAC fit          (A7) 

See text for more details on the fit 
parameters. 
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Abstract: Quasi-index-matched (QIM) dielectric-conductor interfaces are characterized by 
a unit-magnitude complex relative dielectric function, ,0),exp(   j  and 
exhibit minimum reflectance at normal incidence. Their reflection properties are analyzed 
in detail as functions of the incident linear polarization (p or s), angle of incidence   and

 . Complex-plane trajectories of the Fresnel reflection coefficients ),(pr  )(sr and 

their ratio )exp(tan/)(  jrr sp   as  increases from 0 to 90 are presented at 

discrete values of .  Absolute values and phase angles of ,pr  sr and   are also plotted as 

functions of .  Finally, the pseudo-Brewster angle of minimum pr , the second-Brewster 

angle of minimum  , the principal angle at which 2/  and the special angle 

)sec5.0sin( 1   at which   )arg( pp r  of QIM interfaces are determined 

as functions of .  
 
Keywords: Physical optics; Reflection; Interfaces; Polarization; Dielectric function; 
Ellipsometry. 
PACS: 42. Optics. 
 

 
1. Introduction 

The reflectance of monochromatic light at 
normal incidence by the plane boundary between 
a transparent medium of incidence with real 
dielectric function 0  and an absorbing medium 
of refraction with complex dielectric function 1  

is minimized when .10    The complex 

relative dielectric function 01 /   of such 
quasi-index-matched (QIM) interfaces [1] has 
unit magnitude and is expressed in polar form as: 

.0),exp(   j            (1) 

The range of   in Eq. (1) is consistent with 
the )exp( tj time dependence (j is the pure 
imaginary number and   is the angular 
frequency) and the Nebraska-Muller conventions 
[2]. Specific examples of interfaces that satisfy 
the QIM condition in different spectral regions 
are given in Appendix A. 

For a given  , the complex-amplitude 
Fresnel reflection coefficients of p- and s-
polarized light at an oblique angle of incidence 
  are given by [3, 4]: 
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,
)sin(cos
)sin(cos

2/12

2/12







pr           (2) 

.
)sin(cos
)sin(cos

2/12

2/12







sr            (3) 

At normal incidence ),0(  the reflection 
coefficients sp rr , of QIM interfaces with unit-
magnitude relative dielectric function [Eq. (1)] 
reduce to: 

).4/tan(),4/tan(  jrjr sp            (4) 

From Eqs. (4), it is apparent that the 
reflection p- and s-polarized light at normal 
incidence by QIM interfaces is accompanied by 
quarter-wave )2/(  phase shifts and that the 
associated amplitude reflectances are equal to 
the tangent of one-fourth the angle  of complex 

.    

In this study, the complex reflection 
coefficients pr , ,sr  and ellipsometric function [3, 
5], 

2 1/ 2

2 1/ 2

/ tan exp( )

sin tan ( sin ) ,
sin tan ( sin )

p sr r j 

   
   

   

 

   

          (5)  

of QIM dielectric-conductor interfaces are 
considered in detail as functions of both  and 

.   

In Section 2, complex-plane trajectories of pr
and sr as the angle of incidence   increases 
from  = 0 [initial values given by Eqs. (4)] to 

90 [ pr = sr = 1 ] are presented at discrete 

values of   in the range .1800    
Amplitude reflectances pr , sr and phase shifts 

),arg( pp r  )arg( ss r are also plotted as 
functions of   at the same discrete values of .   

In Section 3, trajectories of ),(  
,900   in the complex plane and graphs of 

the ellipsometric parameters tan  and   
versus   at constant values of  are presented.  

In Section 4, the pseudo-Brewster angle of 
minimum reflectance for incident p-polarized 

light [6 - 9], the principal angle at which the 
differential reflection phase shift 2/ [7, 
10], the second-Brewster angle of minimum 
reflectance ratio  [11] and the special angle at 
which the reflection phase shift of p-polarized 
light  p [12] are all determined as 
functions of   for all QIM dielectric-conductor 
interfaces.  

Section 5 gives a brief summary of this work. 

2. Reflection Coefficients of p- and s-
Polarized Light at QIM Dielectric-
Conductor Interfaces 

Fig. 1 shows the complex-plane trajectories 
of )(pr as  increases from 0 [initial values 

)0(pr along the negative imaginary axis ON 

given by Eqs. (4)] to 90 ( pr = 1  at point G) for 
QIM dielectric-conductor interfaces with 

1.0 and 10 to 180 in equal steps of 
.10   

Note that 0 represents a vanishing optical 
interface with 1 , so that pr = sr = 0 at all 
angles of incidence and the corresponding 
trajectory collapses to a single point at the origin 
O. For 180 and 1  (an ideal dielectric-
plasma interface), total reflection takes place 

1 sp rr at all incidence angles, and the 

corresponding locus of )(pr becomes the arc 
NG of the unit circle in the third quadrant of the 
complex plane. The  - dependent phase shift 
along this unit-circle arc is derived from Eq. (2) 
as: 

].cos/)sin1[(tan2)( 2/121   
p      (6) 

The top and bottom parts of Fig. 2 show the 
amplitude and phase plots )(pr and )( p , 

respectively, for 1.0 and 10 to 180 in 
equal steps of .10 The pseudo-Brewster angle 

pB of minimum pr  is < 45 for all values of 

,  as is discussed further in Section 4. The 
angles of incidence at which 180p
(located at the vertical transitions in the 

  vsp curves) are also determined in 
Section 4. 
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FIG. 1. Complex-plane trajectories of )(pr as  increases from 0 [initial values )0(pr along the negative 

imaginary axis ON are given by Eqs. (4)] to 90 ( pr = 1  at point G) of QIM dielectric-conductor interfaces 

with 1.0 and 10 to 180 in equal steps of .10  

 
FIG. 2. Amplitude reflectance )(pr , top, and phase shift )( p , bottom, as functions of incidence angle  for 

QIM interfaces with 1.0 and 10 to 180 in equal steps of .10  
 
 

Fig. 3 shows the complex-plane trajectories 
of )(sr as  increases from 0 to ,90  with 

initial values )0(sr located on the positive 

imaginary axis ON [given by Eqs. (4)] and the 
same  values used in Fig. 1. In the limiting case 
of ,180  the locus of )(sr is the arc NG of 
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the unit circle in the second quadrant of the 
complex plane. The associated  - dependent 
phase shift )(s equals the negative of )( p

given by Eq. (6).  

The amplitude reflectance of s-polarized light 
)(sr and associated reflection phase shift

)( s are plotted in the top and bottom parts of 

Fig. 4, respectively. Both sr and s  increase 

monotonically with  from normal to grazing 
incidence. 

 
FIG. 3. Complex-plane trajectories of )(sr as  increases from 0 [initial values )0(sr along the positive 

imaginary axis ON are given by Eqs. (4)] to 90 ( sr = 1  at point G) of QIM dielectric-conductor 

interfaces with 1.0 and 10 to 180 in equal steps of .10   

 
FIG. 4. Amplitude reflectance )(sr , top, and phase shift )( s , bottom, as functions of incidence angle  for 

QIM interfaces with 1.0 and 10 to 180 in equal steps of .10  
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3. Ellipsometric Function of QIM 
Dielectric-Conductor Interfaces 

Fig. 5 shows trajectories of the ratio of 
complex reflection coefficients 

)exp(tan/  jrr sp   as  increases 
from normal to grazing incidence for QIM 
dielectric-conductor interfaces at the same 
values used in Figs. 1 and 3. All curves start at 

1  when 0 (point N) and end at 

1  when 90 (point G). The point of 
intersection of each curve with the imaginary 
axis (represented by the vertical dashed line in 
Fig. 5) defines a unique principal angle PA at 

which .90  Dependence of PA on  is 
presented in Section 4.  

The top and bottom parts of Fig. 6 show 
tan and , respectively, as functions of 

along each one of the contours in Fig. 5. The 
 vs curve at 1.0 is nearly a step 

function with vertical transition of  from 180
to 0 located at ,45  which is the second 
Brewster angle at which .0tan    

In Fig. 6, the  vs curve at 180 is 
described by: 

1 2 1/ 2

( )
360 4 tan [(1 sin ) / cos ].


 

  


  


       (7) 

 
FIG. 5. Trajectories of the ellipsometric function )exp(tan/)(  jrr sp   as  increases from 0 to 

90 for QIM dielectric-conductor interfaces with 1.0 and 10 to 180 in equal steps of .10  
 

 
FIG. 6. Ellipsometric parameters tan and  as functions of  along each one of the contours shown in Fig. 5. 
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4. Special Angles of Incidence 
Associated with Light Reflection at 
QIM Dielectric-Conductor Interfaces 

The pseudo-Brewster angle pB of minimum 

pr  of a QIM dielectric-conductor interface is 
determined by solving the following cubic 
equation [9]: 

,001
2

2
3

3  auauaua            (8) 

in which pBu 2sin  and 

3

2 1

0

2cos 2,
2,

1.

a
a a
a

  
   
 

            (9) 

Likewise, the principal angle PA at which 
90 [10] is obtained by solving another 

cubic equation [Eq. (8)] with PAu 2sin  and 
coefficients given by: 

3 1

2 1

0

2cos 2,
2 2 ,

1.

a a
a a
a

   
  
  

            (10) 

The second-Brewster angle B2 of minimum 
  of a QIM interface is determined by solving 

a quartic equation [11], 

,001
2

2
3

3
4

4  auauauaua         (11) 

with Bu 2
2sin   and 

tan( / 2) sin ,4
2sin 0.5 tan( / 2),3

20.5 tan( / 2)[sec ( / 2) 2 cos 8],2
20.5 tan( / 2)[tan ( / 2) 5],1

20.5 tan( / 2) sec ( / 2).0

a

a

a

a

a

 

 

  

 

 

 

 

  

 

 











  (12) 

Eqs. (12) are obtained by substituting 
)exp(  j into Eqs. (15), (18), (19) and (23) 

of [11] and applying several trigonometric 
identities. 

Finally, the angle at which  p [12] (at 
vertical transitions shown in the bottom part of 
Fig. 2) is given by:  

.sec5.0sin)( 1  p         (13) 

This angle exists only within the limited 
range .600   

In Fig. 7, the four special angles of incidence 
,, 2BpB  PA  and ),(  p  calculated from 

Eqs. (8) – (13), are plotted as functions of . As 
0 (i.e., for a vanishing optical interface) all 

angles converge to 45   , which is represented 
by the horizontal dotted line in Fig. 7. Note that 

45pB for all QIM interfaces; the four angles 

diverge apart as   increases; and  BpB 2

PA  over the full range 0 180   ; an order 
that holds true for all values of complex .   

Table 1 lists BpB 2, and PA for values of 

from 0 to 180 in equal steps of .30  The fourth 
angle )(  p  is not included, as it is 
readily obtained from Eq. (13).  

All calculations and figures presented in this 
paper are obtained using Matlab [13]. The 
precision of determining the angles presented in 
Table 1 is better than .01.0   

5. Conclusion 
Detailed analysis of the reflection of p- and s-

polarized light by quasi-index-matched (QIM) 
dielectric-conductor interfaces of unit-magnitude 
relative dielectric function, 

,0),exp(   j is presented. Figures 
1, 3 and 5 show the complex-plane trajectories of 

,pr  sr  and ellipsometric function 

),exp(tan/  jrr sp   respectively, as   

increases from 0 to 90 at discrete values of   in 
the range .1800     

Amplitude reflectances pr , sr , their ratio, 

/ tanp sr r   and reflection phase shifts 

),arg( pp r  )arg( ss r and sp   are 
shown in Figs. 2, 4 and 6, respectively, as 
functions of   at constant values of .
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FIG. 7 Special angles of incidence ,, 2BpB  PA and ),(  p of light reflection at QIM interfaces, 

calculated from Eqs. (8) - (13), are plotted as functions of .  All angles are in degrees. 
 

TABLE 1. Pseudo-Brewster angle pB of minimum pr , second-Brewster angle B2 of minimum   

and principal angle PA at which 2/ of QIM interfaces at selected values of   (top row). All 
angles are in degrees. 

 
  0 30 60 90 120 150 180 
pB  45.00 43.52 41.22 39.41 38.17 37.46 37.23 

B2  45.00 45.20 46.36 48.30 50.16 51.40 51.83 

PA  45.00 46.79 50.44 53.60 55.69 56.86 57.24 
 

 Finally, the pseudo-Brewster angle pB of 

minimum pr , the second-Brewster angle B2 of 

minimum ,  the principal angle PA at which

2/  and the angle at which  p are 
plotted in Fig. 7 as functions of   for all 
possible QIM dielectric-conductor interfaces.  

The results presented in this paper illustrate 
the physical optics aspects of light reflection by 
a unique set of interfaces with unit complex 
relative dielectric function. Light reflection by 
nearly vanishing interfaces is represented by the 
curves for 1.0 in Figs. 1 – 6. Examples of 
QIM interfaces in different parts of the optical 
spectrum are given in Appendix A. 

Appendix A: Examples of QIM 
Interfaces 
1. At the IR wavelength ,3 m   fused silica 

is transparent with refractive index n = 
1.4193 (calculated from a dispersion relation 
given by Malitson [14]) and water is 
absorbing with complex refractive index 

272.0371.1 jjknN   at 25oC (from 
the tabular data of Hale and Querry [15]). The 
fused silica-water interface is characterized 
by ),443.22exp(9699.0)/( 2 jnN   
so that QIM is almost satisfied. It may be 
possible to achieve 1  by changing 
temperature. 
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2. At the visible wavelength 500  nm, QIM 
is satisfied at the interface between a 
transparent liquid with n = 2.060 (e.g. 
Cargille Optical Liquid Series EH [16]) and 
Au substrate with 8775.18472.0 jN   
(interpolated form data given by Lynch and 
Hunter [17]); for such interface 

).427.131exp(9998.0 j   

 

3. Metals have fractional optical constants 
22 knr  and nki 2 in the vacuum 

ultraviolet (VUV). Fig. 8 shows the real part
,r imaginary part, i  and absolute value, 

),(abs of the complex dielectric function   
of Au versus wavelength  in the 36 to 46 nm 
spectral range [17]. QIM ( 1)( abs ) at the 
vacuum-Au interface is satisfied at point M at 

.1.39 nm  

 
FIG. 8. Real part, ,r  imaginary part, i  and absolute value, abs ),(  of the complex dielectric function of 

Au, ,)( 2jkn  are plotted versus wavelength in the 36-to-46 nm VUV spectral range. QIM is 
satisfied at point M. Optical constants n and k of Au are those of [15]. 
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  الاستنتاجات

أظهرت النتائج أن استخدام الطريقة الرقمية التي تم 
وفر سرعة ودقة مضافة في عمليات يعرضها في هذا البحث 

رت الطريقة الجديدة التي وفّ. تعداد الآثار وقياس أقطارها
 Matlab ستخدام البرمجة بلغةاأعتمدت المعالجة الصورية ب

في بناء برمجياتها سرعة كبيرة جداً في حساب عدد الآثار 
النووية الموجودة على وحدة السطوح للكاشف بالمقارنة مع 

ن الطريقة إف ،أما فيما يتعلق بالدقة .طريقة التعداد اليدوية
ت دقة تفوق وفر pixelالرقمية التي تتحدد دقتها بأبعاد 

يدوياً والتي  عدة أضعاف الدقة التي يتم الحصول عليها
القياس للمايكروسكوب ) تدريجة(دها سمك شعيرة حدي

السرعة والدقة التي تميزت بها الطريقة  كما أن .المستخدم
إمكانية إجراء عدد كبير من القياسات تحت  إلى اتأد الرقمية

التوصل إلى علاقات  فيعدت نتائجها اسو ،ظروف مختلفة
 الجسيمات، ةطاقك :عدة تجريبية لأقطار الآثار مع متغيرات

  . ودرجة حرارة محلول القشط وزمن القشط،
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غالباً  A1 ةلمأن مواءمة المع (a-6)لشكل يتضح من ا
إذ عند زمن قشط  ؛وهذا منطقي ،تكون دالة أسية تناقصية

أما  .ثابت فإن أقطار جسيمات ألفا تقل بزيادة طاقة الجسيم
أقرب إلى الدالة العلاقة كون تف A2 ةلمالمعفيما يخص 

طاقة ين أعلاه دالة للتلملذا اُستنبطت معادلات المع .الخطية
  :كما يلي

)exp( 211 EaaA              (2) 

72.032  EaA             (3) 

 tدالة لزمن القشط  (1)ومن الممكن كتابة المعادلة 
321لمات الجديدة بدلالة المعE وطاقة الجسيم  ,, aaa.   

72.0
21

3)exp(),(  EatEaaEtD           (4) 

هانفسكون لها القيم تلاث اُختيرت بحيث لمات الثالمع 
وفي بحثنا هذا كانت قيم هذه  .للطاقات المستخدمة

لماتالمع :
1

1
2

1
3

7.1671 ,

0.4913
0.1

a m
a MeV
a MeV






 


 
 

   

 إنعلى سرعة  الدرجة حرارة المحلول القاشط تأثير
ثار آولدراسة هذا التأثير على أقطار  .[14]عملية القشط 

 CR-39ف خذت أربع عينات من كاشأُجسيمات ألفا 
قشطت العينات  .3.1MeVوشعِعتْ بجسيمات ألفا بطاقة 

وبمدى درجات حرارة  6.25Nبعيارية  NaOHبمحلول 
(70-85)oC 5 مقدارها بزيادة تتابعيةoC.  ولإيجاد معادلة

 ،لأقطار جسيمات ألفا دالة لدرجة حرارة المحلول القاشط
رسم تغير هذه الأقطار مع زمن القشط لدرجات الحرارة 

(70, 75, 80, 85)oC المتبعة في الوصول  هانفسالطريقة ب
تم الوصول إلى معادلة وقد  .لمعادلة الأقطار دالة للطاقة

أخرى تربط بين الأقطار ودرجة حرارة المحلول القاشط 
 أي أنَّها تحقق ها؛نفس (1) ولها شروط المعادلة

0)0,0(  TtD. تعطى هذه المعادلة و يمكن أن
  :صيغة التاليةبال

1 2 3

( , )
( 2200)(1 exp( ( exp( )) ))
D t T

bT b b T t
 

    
 (5) 

 .زمن القشط tدرجة حرارة المحلول القاشط و Tحيث 
 ,b1=19µm/oC :كما يلي فهي b1,b2,b3لمات قيم المع أما

b2=6.028×10-7 and b3=0.1149oC-1 .  

ثار جسيمات ألفا لدرجات آتغير أقطار ) 7(يبين الشكل 
ضح من الشكل أن ويت .حرارة مختلفة للمحلول القاشط

وحسابات ) العملية(التوافق جيد بين قيم الأقطار المقاسة 
إذ تدل الإشارات الملونة على القيم العملية  ؛(5)المعادلة 

  .(5)في حين تدل الخطوط الملونة على نتائج المعادلة 

  
.للمحلول 6.25Nوعيارية  3.1MeVللطاقة  ثار جسيمات ألفا بدلالة زمن القشط لدرجات حرارة مختلفةآتغير أقطار : )7( الشكل
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يجب أن تحقق المعادلة المقترحة زيادة قطر جسيم ألفا  -1
  .بزيادة زمن القشط

يجب أن يكون  ،عند زمن قشط وطاقة مساويين للصفر -2
 .D(t=0, E=0) = 0القطر مساوياً للصفر أيضاً 

  :فقد تم اختيار معادلة من النوع ،وعلى هذا الأساس

2A
1tA)t(D               (1) 

A1 وA2  معلمات حرة تعتمد فقط على طاقة الجسيم
لإيجاد قيم  (1)جريت عملية المواءمة للمعادلة أُ. الساقط

 ,2.0)للطاقات المستخدمة في هذا البحث  المعلمات الحرة
2.5, 3.1) MeV  باستخدام برنامجMatlab  الذي يعطي

كي تكون ول .%95 لىدرجة ثقة لإجراء المواءمة تزيد ع
يجب أن يؤخذ بعين الاعتبار  ،أكثر فائدةً (1)المعادلة 

ين تلماعتماد المعA1 وA2  موضح في هو على الطاقة كما
 .(6)الشكل 

0 1 2 3 4 5 6 7 8
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  .ثار جسيمات ألفا مع زمن القشطآتغير أقطار ): 5(الشكل
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Fitting Equation A1=7.1671exp(-0.4913E)
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Fitting Equation A2= 0.1E+ 0.72

A2
   linear

  
(a) (b)  

.جسيمات ألفا ةمع طاق A2و A1المعلمتين تغير ): 6(الشكل



Article  مشتاق الجبوري وصلاح الشميسي 

 62

فقد تم  ته،وكفاءمن صحة أداء البرنامج  ولغرض التأكد
إجراء مقارنة بين البيانات المستحصلة عن طريق استخدام 
 .البرنامج وتلك التي تم الحصول عليها بالطريقة اليدوية

وتظهر هذه . نتائج هذه المقارنة) 1(ويوضح الجدول 
الطريقتين ضمن حدود الخطأ ا جيداً بين النتائج توافقً

في % 10التجريبي للطريقة اليدوية الذي لا يقل عن 
فإن هذه النتائج جاءت  ،إضافة لذلك. أحسن الأحوال

 El) [12] متوافقة مع النتائج المستقلة المنشورة

Ghazaly)  لآثار جسيمات ألفا عند الطاقات وأزمان القشط
 El Ghazaly إن إذ ،)4(مبين في الشكل هو كما  هانفس

من تركيز محلول  هانفساستخدم في بحثه شروط القشط 
NaOH   ودرجة حرارته(6.25N,T=70oC) .ما فيما أ

فنلاحظ أن هنالك  ،(.Patiris et al) [13] يخص نتائج
 :إذ استخدموا شروط قشط مغايرة ؛انحرافاً بسيطاً

NaOH (6N,T=75oC).  

  .ثار ألفاآوالرقمية لبعض أقطار  ةيمقارنة بين الطريقتين اليدو: (1)الجدول
Diameter, D (µm) 

Etching Time, t (hr)  Eα (MeV) 
Digital System Manual System 

4.80±0.05 5.20±0.30 2 2.0 
4.00±0.02 4.50±0.23 2 2.5 
6. 50±0.01 6.75±0.15  4 3.1 
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El Ghazaly, t=2hr
El Ghazaly,t=5hr
Patiris et al, t=6hr
Present work, t=2hr
Present work, t=5hr

  
  .ثار جسيمات ألفاآلأقطار  ]13[ .Patiris et alو ] El Ghazaly ]12  مقارنة بين القياسات الحالية وقياسات: (4) الشكل

  النتائج والمناقشة

تم استخدامه  ،بعد التأكد من أداء البرنامج الحاسوبي
لقياس تطور أقطار الآثار مع كل من زمن القشط ودرجة 

بهدف محاولة وضع علاقة تجريبية  ،حرارة المحلول القاشط
سيمات وزمن القشط بين أقطار الآثار وكل من طاقة الج

  . ودرجة حرارة المحلول

ولأجل الوصول إلى معادلة تربط الأقطار بطاقات 
تم رسم هذه الأقطار كدالة  ،جسيمات ألفا وزمن القشط

لزمن القشط للطاقات الثلاث التي تمت دراستها في الشكل 
ن أي علاقة من هذا النوع يجب أن تأخذ بعين إ .)5(

  :ية التاليةئللشروط الفيزياالاعتبار وجوب تحقيقها 
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Original Image with calculation
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Original Image with calculation
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Original Image with calculation

6.870m
7.853m

7.644m

7.098m

7.563m

7.438m

7.671m

7.754m

7.278m
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  .70oC ختلفة عند درجة حرارةولأزمان قشط م 2MeV الآثار وقياس أقطارها للطاقة عد ):3( الشكل
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Binary Image

  

Inverted Binary Image

  
(c) (d) 

Original Image with calculation
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(e)  

  .2hrوزمن قشط  MeV 3.1للطاقة  هاوقياس هادوع CR-39مراحل قراءة الآثار المتكونة في الكاشف  ):1( الشكل

  
  .مخطط طباعة عدد الآثار والوقت المستغرق لتنفيذ البرنامج): 2(الشكل 

  

بعد التأكد من توافق نتائج البرنامج مع النتائج اليدوية 
ثار مختلفة ولأزمان التقطت صور لآ ،عملِهومدى صحة 
أن الأقطار في  (3)ويتضح من الشكل  .قشط مختلفة

ما في مراحل متقدمة أ ،بدايات عملية القشط تكون صغيرة
  .فإن هذه الأقطار تزداد تباعاً ،من عملية القشط
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خدام محلول استُ ،المناطق التالفة لإظهار الآثار المتكونة
ودرجة  6.25Nبتركيز  NaOHهيدروكسيد الصوديوم 

وفي حالة  .MeV (2.5 ,2.0)للطاقتين  oC (1±70)حرارة 
) المجموعة الثانية( MeV 3.1العينات المشععة بطاقة 

لكن بمدى مختلف  6.25N هنفسستخدم تركيز المحلول ا
 ،5oC مقدارها بزيادة تتابعية oC(85-70)لدرجات الحرارة 

وذلك لدراسة تأثير درجة حرارة المحلول القاشط على 
ولأخذ صور للآثار المقشوطة وقياس . أقطار الآثار

 OPTIKAM)تم ربط الكاميرا الرقمية من نوع  ،أقطارها
4083.B5)  نوعمن مع المجهر الضوئي (OPTIKA B-

يعمل ضمن برنامج معين لغرض نقل صور الذي  (193
يتم إجراء حيث  PCمباشرة إلى الحاسوب الشخصي  الآثار

باستعمال تقنية التحليل الصوري من  عمليات القياس عليها
  .عدادهإالحاسوبي الذي تم  خلال البرنامج

  الحاسوبية المعالجة الصورية -2

 لعدMatlab2012 تمت كتابة برنامج حاسوبي بلغة 
وقياس أثار جسيمات ألفا المتكونة على سطح الكاشف 

وهو متوفر  "CR-39-D1"هذا البرنامج  سميو ها،أقطار
من خلال  Matlabالآن على موقع تبادل الملفات الخاص بـ 

 [11]الرابط التالي حيث يتم تحميل هذا البرنامج 
http://www.mathworks.com/matlabcentral/fileex

change/44920-cr-39-d1  

بتحميل الصورة  "CR-39-D1"يقوم البرنامج 
ومن خلال  .(a-1)الشكل وهذا موضح في  ،آلياً تهاوقراء

تحول الصورة  Grayكدالة  Matlabدوال متحسسة في لغة 
إلى اللون الرمادي لكي يتسنى للبرنامج تحسس الآثار 

فيبين  (c-1)ما الشكل أ .(b-1)الشكل كما في النووية 

 الآثار النووية بعد معالجتها من البرنامج لكي تصبح صور
خذ معكوس الصورة ثنائية أومن ثم  ،صورة ثنائية اللون

 ،اللون حيث يتم تحويل الخلفية من البيضاء إلى السوداء
وذلك لكي يتمكن البرنامج من عزل الآثار عن الشوائب 

وهذا موضح  ،الموجودة في الكاشف) الخلفية الإشعاعية(
الآثار وقياس  ، وبعدها يقوم البرنامج بعد(d-1)شكل في ال

التي تسمح بتحسس  Centerأقطارها من خلال الدالة 
والخطوة الأخيرة في . الأشكال الدائرية وقياس أقطارها

عادة قراءة الصورة الأصلية وطباعة قطر كل إالبرنامج هي 
صورة الأصلية وكتابة عبارة الأثر من هذه الآثار على 

(original image with calculation) كد من أنها للتأ
. (e-1)وهذا موضح في الشكل  ،الصورة النهائية للكاشف

جراء العد والحسابات سوى إولا تستغرق عملية المعالجة و
الزمن  (2)يظهر الشكل  .بضع ثوان حسب عدد الآثار

من خلال طباعة دوال حساب  المستغرق في تنفيذ البرنامج
رق في تنفيذ البرنامج على الشاشة الخاصة الزمن المستغ

 هاأقطار وقياس الآثار عد( (Work Space)بماتلاب 
  ).تهاوطباع

أظهرت عمليات تعداد الآثار تطابقاً جيداً بين الطريقتين 
في حين أن الدقة في قياس الأقطار  ،الحاسوبية واليدوية

 إذ ؛ةبالطريقة الحاسوبية متفوقة كثيراً على نظيرتها اليدوي
وكمثال على  .(Pixel)ن دقة الأولى تكون بحدود البكسل إ

مأخوذة بحجم  1mm x 1mmفإن صورة لمشهد  ،ذلك
10000 x 10000 pixels  ستوفر دقة في القياس تصل إلى

وهي دقة كبيرة بالمقارنة بالقياس اليدوي  ،مايكرون 0.1
  .مايكرون 1إلى حوالي دقته التي تصل 

  

Original Image

  

Gray Image

  
(a) (b)  
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مقدمةال

كواشف الأثر النووي  تتباين كفاءة الأنواع المختلفة من
. في التحسس بالجسيمات الساقطة عليها تبايناً كبيراً

وتعتمد هذه الكفاءة أيضاً على نوع الجسيم الساقط 
لكترونية بمختلف وعلى الرغم من أن الكواشف الإ. وطاقته

هدف أنواعها تتمتع بخصائص أفضل في مجال الاستخدام ب
اللجوء إلى استخدام  فإن ،كشف نوعية الجسيمات وطاقاتها
-LR-115, CN-85, CRالكواشف البلاستيكية ككواشف 

39, PM مة في بعض التطبيقات ءقد يكون أكثر ملا
المتعلقة بمراقبة التلوثات الإشعاعية  [4-1]والاستخدامات 

وذلك لسهولة استخدامها وعدم حاجتها إلى  ،لفترات طويلة
ا وعلى الرغم أيض. لخإ...لكترونية ومجهزات قدرةإة أجهز

من أن قدرة التمييز للطاقات المختلفة لهذه الكواشف هي 
تتمتع بكفاءة كشف  هنفسفي الوقت  فإنها ،محدودة جداً

معظم الجسيمات  إذ إن ،%100عالية جداً تقترب من 
يونات لفا والأأوجسيمات  تكالبروتونا هاالمادية أو جميع

تسقط عليها تؤدي إلى تكوين آثار ثابتة في هذه  التي
ن المؤثر الرئيسي المهم في تحديد إوبذلك ف .الكواشف

كفاءة الكاشف هو مدى فعالية العمليات والإجراءات المتبعة 
  .[7-5] ظهار تلك الآثارإفي 

حيان إجراء تتضمن عمليات إظهار الآثار في معظم الأ
ية معينة بهدف إزالة ي لفترات زمنعملية القشط الكيميائ

جزيئات مادة الكاشف المتأثرة بالجسيمات المشحونة من 
ية حرة ئخلال تحول تلك الجزيئات الخاملة إلى جذور كيميا

 .يمكن إذابتها في محلول قاعدي عند درجات حرارة معينة
وقد أجريت الكثير من البحوث والدراسات المتعلقة بأنواع 

ات الحرارة لأنواع كثيرة المحاليل المستخدمة ومديات درج
  .[10-8]من الجسيمات المشحونة ولفترات قشط مختلفة 

تعتبر كثافة الآثار المتكونة على الكاشف مقياساً مباشراً 
 لشدة الإشعاعات المؤينة التي يكون الكاشف قد سبق أن

فإن مدى كفاءة عملية  ،وعلى هذا الأساس. تعرض لها
من العوامل  هوية القشط تعداد الآثار التي تُظهرها عمل

وتتم عملية التعداد هذه . الحاسمة في تحديد دقة القياسات
عادة بطريقة يدوية من خلال استخدام المجهر الضوئي 
الاعتيادي في تحديد عدد الآثار لكل وحدة مساحة 

وهذا ما يسمى  ،للكاشف وكذلك قياس أقطار تلك الآثار
هداً بشرياً لا تتطلب هذه الطريقة جو. الطريقة اليدوية

أثناء في يستهان به إضافة إلى إمكانيات حدوث أخطاء 
  .عمليات العد والقياس

لقد وفر التطور الكبير في برمجيات الحاسبات المختصة 
بالمعالجات الصورية في السنوات الأخيرة إمكانيات واسعة 

ثار في الكواشف لآلجل تطوير عمليات التعداد اليدوي أمن 
لق هذا البحث بتطوير برنامج خاص يستخدم ويتع .النووية

وقد تم . لتحقيق هذا الغرض MATLABالبرمجة بلغة 
ليس فقط بسبب قدرتها  ،استخدام هذه اللغة البرمجية

 أيضا ولكن ،الكبيرة في إجراء عمليات المعالجة الصورية
لتمتعها بأدوات حسابات إحصائية ورياضية كبيرة بشكل 

يلات إضافية للنتائج يمكن من خلاله إجراء تحل
كما يمكن أيضاً بسهولة تخزين النتائج الرقمية . المستخلصة

أو نقلها لتستخدم ضمن برمجيات شائعة أخرى مثل 
Microsoft Excel.  

  الجانب العملي

  التشعيع والقشط -1

-CRكاشف الأثر النووي تم في هذا البحث استخدام 
 Page Moldings) صنع شركةمن بريطاني المنشأ  39

Pershore UK) 200سمكك بμm  لقياس أقطار آثار
عبارة عن مادة بوليمرية بلاستيكية  والكاشف. لفاأجسيمات 

يمتاز بتجانس مادته وتماثل  صلبة من نوع متعدد الكربون
حساسيته العالية و القليلة خواصه وبخلفيته الإشعاعية

جسيمات ألفا وكذلك  مثلللكشف عن الجسيمات المشحونة 
هذا الكاشف إلى  تم تقطيع. تروناتون النيالكشف ع

وللحصول على صور  .1cm×1cmمجموعتين ذات أبعاد 
أقطار الآثار لفترات قشط مختلفة جرى تشعيع الكاشف 

بطاقة قصوى  241Amبجسيمات ألفا المنبعثة من مصدر 
5.485MeV مقدارهفي الهواء مدى  لها متوسط 

4.16cm. تم تغيير  ،ولأجل الحصول على طاقات مختلفة
المسافة بين المصدر المشع والكاشف من خلال منظومة 
. تشعيع للحصول على الطاقات المستخدمة في هذا البحث

جرى : أخذت عدة عينات من الكاشف بواقع مجموعتين
تعريض المجموعة الأولى المؤلفة من عينتين لجسيمات 

في حين شعِعت المجموعة الثانية  MeV(2.5 ,2)بطاقات 
بهدف إجراء  3.1MeVة من أربع عينات بطاقة لمكونا

دراسة جزئية لتأثير درجة حرارة محلول القشط على أقطار 
وتضمنت عملية التشعيع استخدام منظومة بحيث . الآثار

تكون كمجمع لجسيمات ألفا من خلال ثقب صغير لا تتجاوز 
وذلك لضمان السقوط العمودي لجسيمات  ،1mm2مساحته 

لغرض حفر  بعد قشط العينات. CR-39ألفا على الكاشف 
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يقوم بإجراء عمليات المعالجة الصورية  هواختبار Matlab-2012يتعلق البحث بتصميم برنامج حاسوبي بلغة  :الملخص
وذلك من خلال استخدام كاميرا رقمية متصلة  ،CR-39لآثار جسيمات ألفا الساقطة على كاشف الأثر النووي 

على حِدة وتسجيل قيمة كل قطر على الصورة الرقمية  ياس أقطار الآثار كلنامج بقيقوم البر. )مجهر( بمايكروسكوب
كما يوفر البرنامج جهداً كبيراً بالمقارنة مع الطريقة . وحساب معدل الأقطار وانحرافاتها المعيارية ضمن المشهد الواحد

ة الدقة في قياس الأقطار من خلال تجنب بالإضافة إلى زياد ،اليدوية التقليدية المستخدمة في دراسة الآثار النووية
يؤدي هذا البرنامج من خلال استخدامه في تحليل آثار جسيمات . الأخطاء اليدوية الناتجة عن استخدام المايكروسكوب

بدرجة حرارة  NaOH 6.25 Nبعد عمليات القشط بمحلول  CR-39 على الكاشف MeV 3.1 ,2.5 ,2ألفا بطاقات 
(70±1)oC لفا ومع أقطر الأثر مع كل من طاقة جسيمات  ةن الوصول إلى معادلات تجريبية لوصف علاقإلى التمكن م

  .درجة حرارة محلول القشط

  .CR-39، Matlabمعادلات تجريبية،  ،كواشف الأثر النووي، نمذجة أقطار ألفا: الكلمات المفتاحية
  

 
Computer Algorithm for Counting and Measuring Alpha Particles Track 

Diameters in CR-39 Detectors 
  

 
Mushtaq Al-Jubbori and Salah Al-Shumaisy 
Department of Physics, College of Education for Pure Science, Mosul University, Mosul, Iraq. 

  
Abstract: This work is concerned with the design and test of a Matlab-2012 computer algorithm 
capable of performing image processing operations on digital images of alpha particles tracks on 
CR-39 detectors. The software measures the diameters of individual tracks separately and registers 
the measured value of each diameter on the digital picture. It also calculates the mean and standard 
deviation for all tracks within any particular view. In addition to the enhanced measurement 
accuracy resulting from the elimination of sources of human errors associated with microscope 
measurements, the software saves a great deal of manual effort compared with the method currently 
being used for the study of nuclear tracks. The use of the software in the analysis of 2, 2.5, 3.1 MeV 
alpha particles tracks on CR-39 detector etched with 6.25 N NaOH solution at (70±1)oC resulted in 
the ability to reach some empirical relations describing the tracks diameters as functions of alpha 
particles energy and etching solution temperature. 
Keywords: CR-39 detectors; Alpha diameters modeling; Empirical relations; Matlab. 
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  .حرارة المحلول القاشط معدل القشط العام ودرجة نيالعلاقة ب: (6) الشكل

  

  الاستنتاجات

يلاحظ من النتائج أن رفع درجة حرارة المحلول القاشط 
ومن حيث يؤدي إلى زيادته،  VBيحسن معدل القشط العام 

زيادة معدل قشط الأثر بالعمق مما يزيد من سرعة  ثم إلى
ظهار الأثر من خلال إزالة كميات أكثر من مادة الكاشف من إ

ن المسار المتضرر للجسيم الساقط كلما زادت السطح وم
   كذلك يلاحظ أن طريقة. درجة حرارة المحلول القاشط

Le-D  لقياسVB  ،هي طريقة جيدة وتعطي نتائج دقيقة
لأنها تتعامل مع الصور الحقيقية للآثار المقشوطة المتكونة 
في الكاشف وقياس أطوالها وأقطارها مباشرة وبشكل 

بين معدل القشط العام  يام المنحنويمكن استخد. دقيق
معايرة لإيجاد معدل القشط  يودرجة حرارة المحلول كمنحن

  .العام عند أي درجة حرارة ضمن الظروف المستخدمة
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  .D²و Le²العلاقة ببن : (5)الشكل 

  

ن قياساتنا يجب أن تكون ضمن المرحلة إف ،وعليه
الأولى لنمو الأثر، ويعزى السبب في ذلك إلى أن أطوال 

وكذلك المعدل الزمني لتغير طول الأثر  Leالآثار المتكونة 
(dL/dt) ران بالزيادة مع استمرار زيادة أقطار لا يستم
ت طول الأثر يعني أن عمق ان ثبتقدم القشط، لأ الآثار مع

ن أيصبح مساوياً لمدى الجسيم داخل الكاشف، و (x)الأثر 
 [R'(=R-X)=0]المدى المتبقي للجسيم داخل الكاشف 

-etched(يصبح مساوياً للصفر ويصبح الأثر تام القشط 
out .(إف ،وعليهتقدم في عملية القشط بعد هذه  ن أي

كبر من مدى الجسيم على طول امتداد أالنقطة على عمق 
مسار الجسيم خارج المسار المتضرر في المنطقة السليمة 
في الكاشف يؤدي إلى أن تكون قيمة المدى المتبقي 

 ،وفضلاً عن ذلك. للجسيم غير مقبولة لأنها تصبح سالبة
بير ومفاجئ ليصبح ن معدل قشط الأثر يهبط بشكل كإف

صبح نسبة معدل تو ،(VT=VB)قشط العام المساوياً لمعدل 
مهما استمرت عملية  (V=1)القشط مساوية للواحد 
فإنه لا يمكن إجراء  ،ولهذا. القشط في هذه المرحلة

ن المنطقة قياسات لمعلمات الأثر في هذه المرحلة لأ
يقي المقشوطة تقع خارج مدى الجسيم ولا تمثل الأثر الحق

الناتج من سقوط الجسيم على الكاشف بل تدعى حفرة 
قياسات عليها، لذا من  إجراءولا يجوز  (etch pit)القشط 

أو ت طول الأثر االمفروض التوقف عن القشط عند ثب
  .وعدم الاستمرار لفترات أطول هتشبع

تم إيجاد معدلات القشط  ،(5)و (4) من نتائج الشكلين
عند درجات  CR-39للكاشف  )1(من المعادلة  VBالعام 

موضح في الجدول هو حرارة مختلفة للمحلول القاشط كما 
يوضح العلاقة بين معدل القشط العام  (6)الشكل و. (1)

(VB)  ودرجة حرارة المحلول القاشط(T) حيث يلاحظ أن ،
معدل القشط العام يزداد بشكل أسي مع زيادة درجة حرارة 

سرع التفاعل تُ جة الحرارةن زيادة درإإذ  ؛المحلول القاشط
من معدلات  وتزيد من ثمبين المحلول القاشط والكاشف 

 Curve Expert 1.3 وباستخدام برنامج. قشط الكاشف
فقد وجد أنها تأخذ الصيغة الرياضية  ،لرسم العلاقة

  : التجريبية الآتية

  

Vb = (a+bT) / (1+cT+dT2)           (2) 

a = 119.139, b = -0.8395, c = 3.322, d = -0.0390.  

  

عند  Le-Dمعدل القشط العام بطريقة : (1)الجدول 
  .درجات حرارة مختلفة للمحلول القاشط

VB (m h-1)  Temp. (oC) 

1.1022 0.0363 55  

1.1643  0.0143 60 
1.2255  0.032  65 

1.424  0.0414  70  
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  .طول الأثر مع زمن القشطتغير : (3) الشكل

  

العلاقة بين مربع قطر الأثر  (5)و) 4(يبين الشكلان 
حاصل ضرب الفترة الزمنية للقشط في طول الأثر المتكون و

قة بين مربع قطر الأثر والعلا (Let, D2)خلال هذه الفترة 
Le(ومربع طوله 

2 , D2 ( لتلك الفترة الزمنية في درجات
يلاحظ من الشكلين أن العلاقة بين . حرارة القشط المختلفة

Le(و (Let , D2)كل من 
2, D2 ( بشكل عام هي تقريباً علاقة

خطية في مرحلة الشكل المخروطي المنتظم للأثر ذي 
، لأن )من مراحل نمو الأثرالمرحلة الأولى (الرأس المدبب 

ت أو ازيادة زمن القشط ويصل إلى الثب طول الأثر يزداد مع

حالة التشبع في نهاية هذه المرحلة الأولى عندما يصل رأس 
الأثر المقشوط إلى نهاية المسار المتضرر تحت نهاية مدى 

مهما ازداد  ثابتًاويستمر طول الأثر . الجسيم في الكاشف
المرحلة (خول في مرحلة القشط المفرط زمن القشط بعد الد

، في حين يستمر قطر الأثر بالزيادة مع تقدم القشط )الثانية
خارج مدى الجسيم في ) القشط المفرط(في هذه المرحلة 

ملاحظته عند رسم أقطار الآثار مع  توهذا ما تم. الكاشف
زمن القشط في مرحلة القشط المفرط التي لم يتم تضمينها 

  . تدخل في الحسابات هنا لأنها لا

  
  .D²و Letالعلاقة بين : (4)الشكل 
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  النتائج والمناقشة 

ين قطر الأثر وزمن القشط، العلاقة ب) 2(يبين الشكل 
حيث يلاحظ أن أقطار الآثار تزداد مع زمن القشط، وان 

 ؛ختلاف درجة حرارة المحلول القاشطهذه الزيادة تختلف با
كبر عند درجات الحرارة الأعلى، ويستمر قطر أتكون  إذ

الأثر بالزيادة مع تقدم القشط في مرحلة الأثر المخروطي 
ك في مرحلة القشط المفرط المنتظم كما في الشكل وكذل

  . خارج مدى الجسيم في الكاشف

  
  .قطر الأثر مع زمن القشطتغير  :(2) الشكل

  

المقاس  (L)العلاقة بين طول الأثر (3)الشكل  يمثل
في درجات حرارة مختلفة للمحلول  (t)زمن القشط ومباشرة 

أن طول الأثر ينمو يلاحظ من الشكل . الكيميائي القاشط
بصورة تدريجية مع تقدم عملية القشط وصولاً إلى لاخطياً و

تقابل  نقطة ثباتنقطة التشبع أو  التي تمثلأقصى قيمة له، 
يصبح معدل نمو التي بعدها  (Bragg peak)ذروة براك 

0ميل المنحني (طول الأثر مساوياً للصفر 
dt
dL

( ؛ أي

وهكذا . مت عملية القشطمهما تقد يصبح طول الأثر ثابتاً
المرحلة (يدخل الأثر عندئذٍ في مرحلة القشط المفرط 

خارج المسار المتضرر في المنطقة السليمة تحت ) الثانية
ويبدأ رأس الأثر المدبب  ،نهاية مسار الجسيم في الكاشف

إلى الشكل الكروي للأثر مع  وصولاً (rounded) بالاستدارة
معدل قشط الأثر باتجاه تقدم عملية القشط حيث يقترب 

ما يلبث أن و VBمن معدل القشط العام  VTعمق الأثر 
يساويه بعد زمن قشط قليل جداً، وعندها يبدأ القشط 

ت اإن نقطة ثب. في جميع الاتجاهات VBبمعدل متساوٍ هو 
حدث مع وصول المحلول تطول الأثر أو نقطة التشبع 

مدى الجسيم  القاشط إلى نهاية المسار المتضرر وهي نهاية

في الكاشف الذي يمثل وصول رأس الأثر المقشوط إلى 
وهي (إذ يكون الأثر الناتج خلال هذه المرحلة  ؛هذه النقطة

وهذه . (cone tip)مخروطي الشكل ذا نهاية مدببة ) الأولى
  ].23، 22، 21[النتائج تتوافق مع ما وجده 

ت طول اأيضاً، أن زمن بداية ثب) 3( يلاحظ من الشكل
ارة المحلول القاشط لأثر وتشبعه يقل بزيادة درجة حرا

إن زيادة درجة حرارة المحلول القاشط  إذ ؛للطاقة نفسها
تزيد من سرعة التفاعل بين المحلول والكاشف، فتزيد من 

وبذلك تسرع من نمو الأثر  ،معدل قشط الأثر باتجاه العمق
قيمة ، وإن مقدار ال(saturation)ووصوله إلى حالة التشبع 

تحصل عند القيمة ) نقطة التشبع(القصوى لطول الأثر 
نفسها لدرجات الحرارة المختلفة للطاقة الواحدة لجسيمات 

 2.5لطاقة ألفا  (L=8.4 µm)ألفا التي تساوي هنا بحدود
MeVإنها تختلف باختلاف طاقة الجسيم الساقط  إذ ؛

وتعتمد على نوع الكاشف وتركيبه  ،]24، 23، 22، 21[
  .وترتبط بشكل وثيق بمعدل نمو الأثر ،ومنشئِهِ
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ن دراسة تأثير إإذ  ؛فضلاً عن عوامل أخرى ]18، 17
ننا من قياس التأثيرات ل البيئية في الكاشف تمكِّمالعوا

  . الحقيقية للجسيمات المشحونة التي يقصف بها الكاشف

فهو معلم  .يعد معدل القشط العام أحد معالم الكاشف
عوامل على لاعتماده  (detecting parameter)كشفي 

ع منها الكاشف، ومدى منها؛ نقاوة المادة الأساسية المصنَّ
وطبيعة جزيئات البوليمر المكون , وتماثل خواصهاتجانسها 
وظروف بلمرتها خلال عملية إنتاج الكاشف، فضلاً  ،للكاشف

لى إو. عن اعتمادها على العوامل البيئية عند تشعيع الكاشف
ا قشطياً نه يعد معلمإمعلماً كشفياً ف VBجانب كون 

)etching parameter ( مهماً، لاعتماده على نوع المحلول
في إظهار الآثار في الكاشف كيميائي القاشط المستعمل ال

فإن معدل  ،عموماً]. 14، 12، 11[وتركيزه ودرجة حرارته 
للكاشف يمتلك قيمة واحدة، وقد تكون  (VB) القشط العام

] 19[والبيئية المستخدمة محددة تحت الظروف القشطية 
في حين أن قيمته  ،وضمن سمك مزال قليل من سطح الكاشف

  .تغير عندما يزال سمك كبير لفترات قشط طويلةقد ت

طريقة  (Le-D)الأثر " قطر -طول"طريقة قياس  تعد
حديثة وليست سهلة، ولكن نتائجها دقيقة مقارنة بالطرائق 

. VBالأخرى التي كانت تستعمل سابقاً في عملية إيجاد 
فهذه الطريقة تتطلب الحصول على صور لعدد كبير من 

الكاشف، وتتطلب قياساً دقيقاً لكل من  الآثار المتكونة في
هذا تجريبياً بشكل مباشر و) Le(وطوله  )D(قطر الأثر 

يتم حساب معدل القشط . لى وقت وجهد غير قليلإيحتاج 
  ]:21، 13، 20[العلاقة  من (VB)العام 
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زمن  tقطر فتحة الأثر، و Dر، وطول الأث eLحيث 
 ).1(في الشكل موضح هو كما  ،القشط

يهدف البحث إلى إيجاد معدل القشط العام لكاشف 
CR-39  ودراسة تأثير درجة حرارة المحلول الكيميائي
 هعليه، وإيجاد علاقة رياضية شب NaOH/waterالقاشط 

  .ين نمط هذا التغيرتجريبية تب

  

  
للسقوط " الأثر المقشوط"رسم تخطيطي جانبي لـ  ):1(الشكل 

  .العمودي للجسيمات

  طريقة العمل 

ذو  CR-39عمل كاشف الأثر النووي البلاستيكي ستُا
 200 الحساسية العالية والخلفية الإشعاعية القليلة بسمك

m استعملت أربع قطع من . لقياس معدل القشط العام له
شععت بجسيمات ألفا بطاقة ، ثم cm2(1X1)الكاشف بأبعاد 

2.5 MeV  241من مصدر أمريشيومAm شعاعي نشاطه الإ
)1Ci ( والطاقة الرئيسية لجسيمات ألفا المنبعثة منه هي

5.485 MeV 4.16الهواء يقرب من  بمتوسط مدى في 
cm . 2.5تم الحصول على الطاقة MeV  من خلال تغيير

أُجريت . مصدر المشع والكاشف في الهواءالبعد بين ال
عملية القشط الكيميائي للكاشف لإظهار آثار جسيمات ألفا، 

 N 6.25بتركيز  NaOH/waterباستعمال المحلول المائي 
تم تصوير  .1ºC ± (70 ,65 ,60 ,55)عند درجات حرارة 
للآثار وقياس أقطارها  (profiles)الأشكال الجانبية 
ط مختلفة لمراحل نمو الأثر ضمن وأطوالها لأزمان قش

 المخروطي المنتظم والقشط المفرط للآثارالأثر مرحلتي 
(over-etching)،  وذلك لإيجاد معدل القشط العام بطريقة

  . ]Le-D ]12 ،13)(الأثر" قطر -  طول"قياس 

وقياس ستعملت في عملية تصوير الآثار المقشوطة ا
متكونة من  منظومة حاسوبيةأطوالها وأقطارها مباشرة 

 (digital camera) مجهر بصري مثبت عليها كاميرا رقمية
لة إلى حاسوب يعمل ضمن وموص MDCE-5Aنوع من 

يتم تنصيبها في التي برنامج معين خاص بالكاميرا 
وذلك لإجراء القياسات على الآثار التي يتم  المنظومة،
  .تصويرها
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لكاشف الأثر  (VB)دراسة تأثير درجة حرارة المحلول القاشط في معدل القشط العام  تتم ،لبحثفي هذا ا :الملخص
استعمل . آثار جسيمات ألفا في الكاشف (Le-D)" قطر -طول"استعملت طريقة القياس المباشر لـ . CR-39النووي 

قُشِط الكاشف بالمحلول . 2.5MeVللتشعيع بجسيمات ألفا بطاقة  1µCi نشاطه الإشعاعي 241Amمصدر الأمريشيوم 
من  هاوأقطارقيست أطوال الآثار . 1oC ± (55 ,60 ,65 ,70) درجات حرارةب N 6.25بتركيز  NaOH/waterالمائي 

 ؛داد أسياً مع درجة حرارة المحلولوجد أن معدل القشط العام يز. الصور المباشرة للآثار المقشوطة في الكاشف المشعع
  .ضمن مدى درجة الحرارة المذكورة m.h-1 (1.424-1.1022) إذ تراوحت قيمه بين

  .، قشط الأثر، جسيمات ألفا، كاشف الأثر النوويCR-39: المفتاحيةالكلمات 
  

Effects of Chemical Solution Temperature on the Bulk Etch Rate of the 
Detector CR-39  

 
Sa'eed Hassan Sa'eed Al-Nia’emi 
Physics Department, College of Education for Pure Scince, Mosul University, Iraq. 

  
Abstract: The effects of chemical etchant temperatures on the bulk etch rate VB of CR-39 SNTDs 
were investigated. The bulk etch rate is determined through direct measurement of "length-diameter 
Le-D" of alpha-particles track in the detector. Alpha-particles irradiations were made with energy of 
2.5MeV under normal incidence radioactive source 241Am of an activity of 1 µCi. The detector is 
etched by an aqueous solution of NaOH/water with 6.25 normality N in the temperature range (55, 
60, 65, 70) ±1 oC. The lengths and diameters of alpha-particles tracks are directly measured from the 
tracks images obtained from the irradiated detector. It was found that the bulk etch rate is 
exponentially increasing with the temperature of the solution and its values ranged between (1.1022-
1.424) m.h-1 in the above temperature range. 
Keywords: CR-39; Track etch; Alpha particle; Nuclear track detector. 

 

مقدمةال

تؤدي العوامل البيئية دوراً كبيراً في التأثير على الصفات 
الكشفية والتسجيلية لكواشف الأثر النووي البلاستيكية 

SSNTD’S  كالحساسية والزاوية الحرجة ومعدل القشط
 (Le) وطول الآثار (VT)ومعدل قشط الأثر  (VB)العام 

مواج فوق من هذه العوامل الأ. (D) المتكونة فيها وأقطارها
والإشعاعات الكهرومغناطيسية مثل الأشعة ] 1[الصوتية 

والأشعة ] 6، 5[وأشعة غاما  ]4، 3، 2[ فوق البنفسجية

، ]9[، والمجال الكهربائي ]8[ وأشعة الليزر] 7[ السينية
، وكذلك نوع ]10) [لتسخينا(لمعالجة الحرارية للكاشف وا

، ]13، 12، 11[المحلول القاشط وتركيزه ودرجة حرارته 
، ]14[ونوع المحاليل المضافة إلى المحلول القاشط 

 في أثناء القشط (stirring) المحلول القاشط جوعملية ر
وهناك عوامل تخص الكاشف نفسه لها أيضاً تأثير ]. 15[

، 16[في حساسيته ومعلماته مثل نوع الكاشف ومنشئه 
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ويجـري تنظـيم أجـزاء المخطـوط      .منـه أو مـا اسـتَجد    2000روسـوفت وورد  سم ، باسـتخدام معـالج كلمـات ميك    3.71مع حواشي ) سم 27.9
، المقدمة، طرق البحث، النتائج، المناقشة، الخلاصة، الشكر والعرفان، )PACS(رموز التصنيف صفحة العنوان، الملخص، : ترتيب التاليوفق ال

بينمـا   ،غـامق وتُكْتَب العناوين الرئيسـة بخـط   . ثَم الأشكال والصور والإيضاحات ،المراجع، الجداول، قائمة بدليل الأشكال والصور والإيضاحات
 مائلتُكْتَب العناوين الفرعية بخط.  

ويكتب الباحث المسؤول عـن المراسـلات اسـمه مشـارا      .كاملة تشمل عنوان المقالة، أسماء الباحثين الكاملة وعناوين العملو: صفحة العنوان
 ،المخطـوط ) محتـوى ( ويجـب أن يكـون عنـوان المقالـة مـوجزا وواضـحا ومعبـرا عـن فحـوى          .إليه بنجمة، والبريد الإلكتروني الخـاص بـه  

  .وذلك لأهمية هذا العنوان لأغراض استرجاع المعلومات

هـم مـا توصـل إليـه     أالنتـائج و وفيـه   والمـنهج المتبـع  موضـحة هـدف البحـث،     ،المطلـوب كتابـة فقـرة واحـدة لا تزيـد علـى مـائتي كلمـة        : الملخص
  .الباحثون

  .تعبر عن المحتوى الدقيق للمخطوط لأغراض الفهرسة دالةكلمات  6-4يجب أن يلي الملخص قائمة من : الدالةكلمات ال

PACS: فرة في الموقع اوهي متو ،يجب إرفاق الرموز التصنيفيةhttp://www.aip.org/pacs/pacs06/pacs06-toc.html.  

لا تزيد المقدمـة عـن   (نشر مراجعة مكثفة لما  ن تكونألا ح الهدف من الدراسة وعلاقتها بالأعمال السابقة في المجال، يجب أن توض: المقدمة
  ).مطبوعة الصفحة صفحة ونصف

ق موضــحة بتفصــيل كــاف لإتاحــة إعــادة إجرائهــا بكفــاءة، ولكــن باختصــار  ائ ـالطرهــذه يجــب أن تكــون : )النظريــة/ التجريبيــة (طرائــق البحــث 
  . ق المنشورة سابقاائحتى لا تكون تكرارا للطر ،مناسب

  .دون مناقشة تفصيليةمن مع شرح قليل في النص و ،جداول وأشكال حيثما أمكنيستحسن عرض النتائج على صورة : النتائج

  .يجب أن تكون موجزة وتركز على تفسير النتائج: المناقشة

  .يجب أن يكون وصفا موجزا لأهم ما توصلت إليه الدراسة ولا يزيد عن صفحة مطبوعة واحدة: الاستنتاج

  .في فقرة واحدة تسبق المراجع مباشرة انمنح والدعم المالي يكتبالشكر والإشارة إلى مصدر ال: عرفانالشكر وال
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